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PREFACE. 

The following Lectures were given in the spring of 
1874, at the desire of a number of my friends,— mainly 
professional men, — who wished to obtain in this way a 
notion of the chief advances made in Natural Philosophy 
since their student days. 

The only special requests made to me were, that I 
should treat fully the modem history of Enei^, and 
that 1 should publish the Lectures verbatim. 

The reader will judge for himself how far the first 
request has been attended to. As to the second, it is 
necessary to explain that, being very busy, I had not 
time to do more than arrange a few notes for each 
lecture ; so that the course was entirely extempore, and 
was taken down by excellent short-hand writers. 

Besides necessary corrections, only one lai^e change 
was made in the M.ss,, viz., the excision of a great 
many of those repetitions which are indispensable in 
extempore lecturing, but are intolerable in a book. 
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LECTURE I. 

INTRODUCTORY. 

Cla^iiicQliDn of R«efit Advances m Physical Science. General Statemenl of 
the Objects of Physics^ Time and Space^ MHlIftC, PosiUon^ Molion, ood 
Force. Digression upcm d priori reasonif^. InstaQces of modem or re- 
vived fc^cies— Unifotmitj' of Earth's Rolation, Slabilily of Solar System, 
Heat developed the equivalent of work spent in compressing a gas, Causa 
aquattj^tum, Gilbert the true originator of Experimental Science. Test 
of the reality of Matter— fails when applied to Force — not when applied 
to Energy. ConservatiOD, TronsformBtiODi and Dissipation of Energy. 
Ignorance And Incapacity alike of Spiritualists and Malerialista. 

In considering what maybe designated as * Recent 
Advances in Physical Science^' it is well to remember 
that many things which have become almost popularly 
known within the last twenty-five years are much 
older in the minds and writings of the foremost scien- 
tific men. We cannot, however, treat them intelligibly 
without reference, sometimes pretty full, to what was 
known even earlier still : so that you must not be sur- 
priseti if" I have a good deal to say of Davy and Rum- 
ford, and even of Newton, 

I shall, for the sake of clearness^ attempt roughly to 
classify these recent advances under five well-marked 
heads; but I shall do so very briefly, deferring expla- 
nation even of new scientific terms till I have to treat 
each of these heads in detail. 

^^^t and foremost, advances connected with the 
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modern notfon of Rneri^, Jiwt as Gold, Lead, Oxj^cn, 
etc., arc d(iT[:tci]t kinds of Matter, 50 Sound. T>iglit> 
Heal, etc., arc now ranked ;is diFcrcnt forms of Cncrgy, 

which, 3s we shall presenliy see, has been shown to 
have aa much claim lo ob]*^ctivc reality as matter has, 
This^ffant! Idea tnabki: us to co-ordiriale all ihc partfi, 
however apparently diverse, of the enormous subject 
of Natural Philosophy. It has not only thus enabled 
us to exhibit the science in a complete and connected 
form^ but it has also, specially by the appUcatioa of the 
laws ofTlicnno-dynaniics (to which a largL- part of this 
course wUl be devoted), enabled us to find those points 
where rapid advance was most easily to be secured. 

Secondly. The advances which have arisen, more or 
less directly, from the requirements felt in practical 
applications. To take but a single instance : ibink cf 
the immeiiBc improvements in instrumenls for the 
measurement of electric changes and electric currents, 
such as electrometers and galv^anomelers, which have 
been effected because called for by the recent eKten- 
sions of submarine telegraphy. It is not loo nuch to 
say that the instruments now employed, and which 
were prinianiy devised for practical telegraphic pur- 
poses, are hundreds of times u\orc sensitive, as well as 
more exacts and therefore more useful for purely 
scientific purpo^^es, tlian the best of tliose which were 
in use thirty years ago. Thus it is that a devclopmcut 
of science, in a practical direction, leads to the construc- 
tion of instruments which have, as it were, a reHex 
action on the development of the pure science itself. 

Thirdly, Those which arise from llic ^issislance ren- 
dered to one another by pure sciences* such as astn>* 
nomy, chemistry, and physiology, where, in fact» the 
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improvement of one branch has led, almost immedt- 
&tc]y, to important extensions of other branches, 
Under this head ue may also indiidc those very great 
advances which are due to improvements in our matlio 
matical methods. 

F^nrthiy. What may be caJIed casual discoveries, 
though they arc often of very great importance ; such 
a*, for instance, the discovery nf fluoreseeiicr, with it? 
manifold consequences, and the invention of the pro- 
CCS^iCS of photography. Such discovcrii^s, in5tcad of 
being, ais in old days, wondered at and left isolated, arc 
nonr at once attacked on all sides by numberless en- 
tbusia^fc experimenters, 

Fifihiy. There is another class, vety numerous but 
more difiicult to exactly describe, As a single cx- 
ftinplc of this class, 1 may mention the modern statis- 
tical methods of treating certain problems of physical 
sncncr^, cNpecially those cotincclcd wilh the movements 
of particles of ga^ea and liquids, to which I f^hall advert 
at considerable length in the course of these lectures, 

1 have now to consider how 1 should bc^it commence 
the analysis of these various heads; and I think the 
pro|>cr method will be first to ?^l:etcb the subject as if 
from a distanccr — to point out a few of the principal 
peaks which wc have to ascend, and of the more formi- 
dable abysses which we have to avoid ; striving all the 
while to inrroduce as early as possible some of those 
oew technical terms which are absolutely indispensable 
to accuracy and definltenc^s, and whidi, therefore, can 
sot be too soon mastered. 

Natural Philosophy, as now regarded, treats generally 
of thpc physical universe, and deals fearlessly alike with 
<juaatittes too great to be distinctly conceived, and with 
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quantities ;i!mo*t infinitely Icio small to be perceived 
cvtfi with the most powerful miCfoscojiL-s ; such ,%.% fat 
Instance^ dbtanccj through which the light of ^t^rs or 
nebulx, though moving at the rate of about iS6,oOO 
mlkf per second, takes man/ ysurs to travel ; or the 
size of the particles of water, who5e number in a single 
drcip may, as ^c have rc^ison to believe, amount to some- 
where about 

JO*^, or ioo,ooo.ooox>oo.<x>o,ooo,ooo,ooo,ooo. 
Yet we successfully inquire not only into the composi* 
lion of the atmo*tphert:* of ihe^e dijitant stars, but into 
the number and properties of these water- particles, nay^ 
even into the laws by which they act upon one another 

The fundamental notions whtcli occur to us when we 
commence the study of physical science are those of 
Tim^ and Sj^^r^. A mt-asure of lime may be obtained 
by physical methodSf as in fact is done incidenti^Ily In 
Newtoji'a first law of motion, whcrcm he asserts that a 
mass left to itacif movci? unifennfy. That is, equal times 
are the times in which such j. mass describes equal spaces- 
Of space, we can ascertain by observation the pro- 
perties. But we cannot inquire into the actual nature 
of cither s]>acc or tlmt^, except in the way of a purely 
metaphysical, and thcreJuri; oF necessity absolutely 
barren, speculation. We have, however, mathematical 
methods specially adapted to the Creatment of these 
two abstract ideas ; Algebra, which has been called (by 
Sir W- R. Hamilton) the science of pure time ; and 
Geometry, which may be designated the science of pure 
space. 

The common measurement of time primarily depends 
upon the i"otatjon of the cartli about \t*^ axis. This, 
however, as will be seen when we advance a little 



further, 13 by no means a uniform quantity, and there- 
fore ultimately ihe measurement of time must be based 
upon some mottoii rleperiding on a physital property (if 
matter which wc luvc evtry cxpcrimeJital reason for 
believing to be unchangeable by time, and invariable 
throughout the universe, Probiibly such an ultimate 
standard for the measurement of time will be found in 
one of the periods of vibraEion of tlie molecules of a 
heated gas, such as hydriigcn, under given conditions. 

The properties of space, involving (wc know not why) 
the essential element of tliree dimensions, have recently 
been subjected to a careful scrutiny by mathematicians 
of the highe?rt order, such as Riemann and HelmholtK ; 
and the rc<u!t of tlicir inquirii^ leaves it as yet un- 
decided whether space may or may not have pre- 
cisely the same properties throughout the universe. 
To obtain an idea of wliat Is meant by such a state- 
menl, tousidf^r that in crumpling a leaf of paper, 
whidi may be t^ken as reprcscnUng space of two 
dimensions, we may have some portions of it plane, and 
other portions more or less cylindrically or conically 
curved. But an inhabitant of such a sheet, though 
living in spice of two dimensions only, and therefore, 
we m^ht say bcforchanJ, inc^p^blc of apprctiatJng the 
third dimension, would certainly feci some difference 
of ^luations in parsing from portions of his space 
which vcre less, to other portions which were more, 
curved. So It i^ possible that in llie rapid march of 
the Kolar AyAtent thrciugh space. w£ may be gradually 
pasdng to regions in whicii space has not precisely the 
BUM properties as we find here — where it may hive 
socaethiDj; in three dimension* analogous to curvature 
in two difncnilon^ — something, in fad, whlcli will ncccs- 
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MrJIy \m^\y a fomlh-dimcnston change of form in par- 
lions of matter \ix order lltiit they tnay 4(l;ipt themselves 
to their ne%v localilyt But for the full discus.^ion of a 
question liEce this it would be necessary to introduce 
mathemattcal reasoning of a transcendental character. 

In addition to these fundamental notions of time and 
Tip^tce, the next fjur which force themselves upon us in 
the physical universe arc those of Matter, Position, 
Motion, and Force, As with these ideas commences 
the study of physics proper, I tt3,ve them for a moment 
to consider in what way or in what spirit we ought to 
treat problems ot physical science. Remember that 
the subject of my lectures is the Advart^s ot Physical 
Science- it is well then to inquire briefly to what we 
are indebted for sudi advances. And every one who 
has with any attontion studied the history of sdentfJic 
progress sees at once thnt 

T/tcsc advana^s come or nvt atcQrdtti^ a^ w€ frmfmh^r 
^*' f^''^'^ ''^^ "'"' sdmce »s (c fi€ ^asfd entirely upvn tx- 
fefinmtt or majhrmatkai deductions froui ^^riwt^i/^ 

There is nothing phy5[cal to be learned 4j>rwn\ We 
have no right whatever to aaccilain a single phy^Ic^ 
truth without seeking for it physically, unless it be a 
necessary consequence of other truths already acquired 
by experiment, in which case mathematical reasoning 
is alone requisite. 

Let Ls consider for a moment to what fearfully absurd 
consequences a neglect of this self-evident principle has 
led in former times, and too olten even in modern days, 
Men were told by the andents that the planets move in 
circles because circular motion is perfect! They were 
told also in the middle ages tliat t]ie sun cannot pos- 
sibly have spots ! They were told that the earth was at 
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rest ; that Nature abhor? a vacuum, etc. etc. And all 
theite dc^mas were cnuntiatcd by otlierwise reason- 
able men. Within the last fifty years we hav^ had 
piii!osu[jhers like Hegel saying that the motion of the 
heavenly bodies is not a being pulled this way and 
that : that Ihcy go along* as the Ancients said, like 
blessed gods. Furtlier, that pressure, gravity, etc, are 
true only of terrestf iai, not of celeeclal, matter Hegel 
wind?* m> this truly wcinderfiil stattrmeiit by siyinjt 
that both arc matter, just as a good thought and a bad 
one arc both thojghta, but the bad is net therefore good 
because the good one is a thought.^ 

As instance* of still more recent, in fiet quite moderp, 
fallacies of a somewhat similar kind, f shall take but 
four, two of which arc In their very nature excusable. — 
Ibc other two utterly unpi^rdonablc. 

T\rst. there i^ the assumption that the earth's rotation 
is absclulely uniform, Now, to ^ay rothiiig of the 
effects of cooling and consequent shrinking, the effects 
of volcanic disturbances and upheavals, the effects of 
degradation of mountains, and various other causes 
nrhich must tend more or less to affect the earth's roCa- 



ift\ bitiful to f^Tjore IT ] r>ie EfWcgung der 1 limmrWs'irpcf i^f ntcht 
VB (OkliM Hin- udd HerHe^'^UPnaeyn, sorjitiT" die frrie ISewtf^ing ; aie 
gdicB, tvjc <J;c Aiua idgUti, &1& telrgc Cottet cinlicr* Die bioimllache 
Kiiipcilietkkcit i^ Ucht rinc aalclLi^ wi:]chc du Priadp dcr Kubc d^^i' 
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Won <shrmkinff and cfegndation accelerating it, while 
upheavals rtfUrd it, accortiiiig to a rat;clt3,nical principle 
which U involved in Newton's Third Law of MoUon>, 
there has been recently rc%'ived the study, 5rst pointed 
out by Kant, of the ctTcct of tidal rctardatioa upon the 
length cf the day. In fact, the eanli with the tide-wave 
upon it, pointing on the average almost axi^Uy towards 
the moon, U virtuaUy revolving; in a rriLlioa-br^dkc or 
collar; and so long as it moves with reference to thi£ 
tidal wave, so long must it move subject to fiiction, and 
therefore of course with continually decreasing velocity. 
Then, again, wc had the confident assertion of the 
absolute stability of the solar systeLii ', that 15 to say. 
grsnd arg^umcnls were founded by the Tckologista on 
the assumption that the eccentricities and inclinations, 
and sD on, of the planetaiy orbits, though con^itantly 
varying, flucluated between certain definite, and in 
general very narrow limits, and that after a by no 
means long series of agca all bodies in the solar syatem 
would return to almost precisely their former configura- 
tion as to position and velocity, Now, in arriving 
at thi?^ result, which of course tlicy tht^msdves under* 
stood in its true sense. Laplace and Lagrange confess- 
edly employed approximate methods of solution only. 
Tiiey left out of account what are termed technically 
the liquares of disturbing forces ; that is to say, of two 
planets, each of which has dislurbed the other's position, 
the effects of the first upon tlie second were calculated 
by leaving out of account the disturbance of the poii< 
tion of tlie first, and via Vt>rj4^ In order to improve 
upon this approximation, at least without enormou* 
labour, mathematical method* of a far more powerful 
order tlua hdve yet been InveuLed are leqiti^tc, sxnd 
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thcicforc it \B not from this point of vil^w tliat the solu- 
tion cau at present be improved ; nor can wc well form 
an idea of the natitrc of the modt^cation whicli the 
rcftultft of the approximate method would undergo. But 
the idea which I have ju^t mentioned wich reference to 
tidal fiTction, which has not yet been taken a;:couiit of in 
the sulutioii of these planetary piublcms, shows at once 
that 50 long AS the parta of nny moving Integral portion 
of the system <arc capable of being displaced relatively 
to one another, snd ^o moving relatively with friction, 
SO long must thtre be a cause tending conslanlly Lo Lllc 
degradation of ihc rates of motion Jn tlie system, and 
therefore that stability of the planctiry ayatcm is im- 
pOESibIc under present conditions. Remember that it 
was in the imagined interests of religion that the earth's 
motion was denied. Hiitoiy repeats itself here- An 
ill-informed Tcleologlst, however good hb intentions, Is 
Uj tnorc dangerous to the c^u^e he has ^t heart than 
the bitterest of its declared enemies- 
Then let lis t^xke the question of the he;Lt developed 
by eomjjressing a ga.s, Ynii all kntiw that a piece cjf 
tiodcr CAn be set on tire when it i^ enclosed In a eylin* 
dcr in which the air is suddenly compressed by pushing 
in a tit;ht'fitting pistom Great credit lus recently bcca 
ckimcd for two speculators, S^guin and Mayer, who 
fndepcndetltly propounded tlie hypothesis tliat tJie heat 
dinnlupcd in aucb a case is the equivalent of tlic work 
spent ia compressing the air ; or its converse, that the 
heal lost in eJ«pansion \& the equivalent of the work done 
by the expanding materiaL To make such hypotheses 
without preliminary experimental measurements, Ia 
simply to fall into the fatal error to which I have already 
adverted, — the a />n\>ri assertion of physical principles. 
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To see that it is so, we have only to consider that a 

gas might (for all we can tell wiLbout cxpcnmt^nt) have 
the propeities of a spiral spring. Suppose, in fact, in* 
steatl of air, the cylinder above spolicn of to be filled 
with a number of spiml springs so adjusted as not to 
mterfere with ea<^h otheKa motions. Jfi comprcfising 
such a 5pt of spnng.i^ exactly the same amount of work 
maybe spent as in compi-e^ing air. and yet we may 
find no trace whatever of hcnt generated. It therefore 
appears obvious that until wc know for certain the ulti- 
mate nature of a gas, the only way (independent of mere 
guessing) to discover the rt'l^iLion between lh<^ fittat 
developed by compression and the work spent in pro* 
ducing it, is to experiment; and that without ejcperi- 
ment it is impossible to lay down any fjeneral relation 
between them. The modern view of the constitution of 
!i gas, in which its particles are supposed to be flying 
about with ^rcat velocity in all directions, and constantly 
impinf^inK' upon one another and upon the .'^idcs of the 
vessd, leads us almost directly to many valuable conclu- 
sions, among which 1 will refer for the moment only to 
the result known as Boyle's law, where wc contemplate 
the compression of a gas whose temperate re is kepi con* 
stanU Suppose, for instance, the particles to be moving 
with a certain velocity in every direction, we find that if 
the pUton conid be moved half way down the cylinder, 
aad the velocity of the particles not thereby increased,' 
the number of impacts per second upon the ends of the 
cylinder must become twice as great as it "was before, 
because Uie length of the cylinder is only half as great, 

* Tht* \FfHili1 be I vfobtion ftf tTi* prirn^iiile of Ouuipatinn of Fncrgy. ii« 
wUlbe »cn b/th« reader of Lecture VI, Eut (hQldi>e% not invaiidDitc lEi 
uielulflcaa «A iLtL iUiiatntlion of the prcHiDi iuguiiicril> 



INTROBUCTOHV. 



n 



Also, the number of impacts per second per square inch 
upon the curved sides of the cylinder must likewise 
be doubled, simply bt'iidusc there Ls the same number 
of p^rtides 35 bef^^re, impingiJig with the same velo- 
cities, but upon only one half of the 3urfa.cc. If tvc 
could manage to advance the whole piston by inJini- 
tcsimaHy small st^ges^ so as at each such advance to 
tjtkc adi-^ntagc of liie absence of Jill molecular pres- 
sure upon the piston, or to advance at cvciy instant 
those parts of the piston upon which far the moment 
no impact was impending, we should produce this dimi- 
nution of bulk without altering in any respect the velo- 
, cities <>f the ijartkles of g^s ; and therefore, accorilJng 
to Roylc's law, and according to the analysis ju^l given, 
u'c jhwuld have tlic case of a ^faa doubled in pressure, 
and occupymg exactly one half the bulk which it occu- 
pied at first, but without Increase of icmperattirc. Here 
iheu is another mode ofcontf^mpUUng the compreSsSion 
ofaigas without any production of heat This question 
is one of great importance, and I intend to treat it 
pretty fully in the course of these lectures^ 

The only other fallacy whrch I shall mention for the 
prcnrnl, is thai of basing physical result* xk^yow the old 
Jo£-L^tia dogma, cama ^quat effcctum. It is difficult to 
dcdde whether the Latinily or the (semi-obscure) sense 
is in Uns dogma the more incorrect, The fact ifi, that 
we have not yet quite cast off that tendency to so-called 
metapliy^ics which h^s <ifto-n completely blasted the 
Already promising career of a physical inquiici'. I say 
'»&-«aUed' metaphysics, because there 13 a science of 
metaphysicfi \ but from the very nature of the case, the 
professed metaphysicFanswill never attain lo it In fact, 
if wc once begin to argue upon sudi a dogma as the 
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above, Ihe rext step may very ratiirally be to inquire 
whether cajse ^nd rffcct arc simultaneous or ftutce.v* 
aivc : — and then we shall have become so mystified 
obout the meaning of the word Cause that we may well 
be ready (as many have already done) to inquire what 
is the tieccs^rily ever acting caii!ie of tlie utiiform 
moliun of a body ujton which no forces act ! 

Tie crigitiatOT of Irne experimental science seems 
to have been Gilbert of Colchester, whose deservedly 
celebrated treatise Dc Ala^isU was published 300 years 
ago, After him came GaUIeo and Newton, each mak- 
ing gigantic strides in the true direction, and by them 
this, the only way of attaining to a discovery cf physical 
laws, was permanently established, The proof of this 
is, that the last two centuries and a h^lfhave achieved, 
In purely physical science, million-fold what had been 
ncconiplii^hed bt^forc ilietn- And it is not that we are 
now more able, nor that we have more leisure — cer- 
tcunly not : — 

' . , - for Romivna now 
Have llicwf^ and LmljEi likcf cu tli?ir unci^slora^^ 
It is rather tbal whenever the direction given to inquiry 
U a proper one, the men come forward. This direction 
was ^ood ill Britain at cei'tain memorable times, as when 
Newton and Hooke were contemporpirles ; in the days 
vi Maclaunn and Cotes, and in those of Cavendish and 
Watt. At iiitervala it broke down entirely as regards 
mathematical physics^ partly as regards experimental 
physics, and onct again it has become good ; and conse- 
quently, since the ever-m em arable days of Young and 
Davy, wc have had Gretu and Hamiltoii, Faraday and 
Graham, and we can still rejoice in the possession of 
Stolcea and Thomson, Adama and Clerk- Max well, Jouk 
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and Andrew*. This list is as good as either of the 
otiiera, and might be con^iidt-rably incrcasul. Other 
countncs h^ivc had thdr similar fluctuntioiis. all I be- 
lieve traceable to similar causes. Little more than 
half a century a^o, France had such ini^hty namca ^ia 
Ampere, Laplace. Lagrange, PoissQn, Fresnel, Fouriur, 
Carnot, Cauf^hy, etc. I name them just as tluy occur 
to lue. We cannot do much in the way of cla^Mfying 
men lilcc these. Now Germany has Heimholtz, Wcbcr< 
Kirchhoff, and lias but recently lost Gauss, Jaeobi, Dir- 
iehlei, Pliicker, Riemann^ and Magnus, 

The sad fate of Newton's successors ought ever to 
be a warning to us. Trusting to what he had done, 
they allowed mathematical science almost to die out 
Ia thid country, at feast as compared with its immense 
progress in Germany and France. It required the 
united exertfons of ihe Ute Sir J. Herschel and many 
others to render possible in these islands a Boole and 
a Hamilton. If the successors of Davy and Faraday 
pause to ponder even on Ma> achievements, we shall 
*00ii be again in the eame st.ite of ignominious in- 
fcriofity. Who will then step In to save us ? 

Es'CR as it is, thtmgli we have among us many names 
quite as justly great as any that our rivals can pro- 
duce, we have also (even in our educated classes) such 
an icnmense amount of ignorance and consequent cre- 
dulity, that it !ieems matter for surprise that true sci- 
ence is able to exist. Spiritualists, Circle-squarers, 
rerpctuat-motiontsts, Believers that the earth h flat 
ftnd that the moon has no rotation^ swarm about uSh 
They certainly multiply much faster than do penuhic 
men of i^cicnnv This is characteristic of all inferior 
rJceS) but it is consolatory to remember that in spite of 
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it these soon become extinct. Your quack has hJii little 
day, and dhappeats except to the antiqu^ity. But m 
science nothing of value can ever be lost ; it is certain 
to become a slcpping-atone on the way to further truth- 
Stil], whe:i our stepping-stones ^re l^id^ we should not 
wait till other^i employ them ' Gentlemen of the Guard, 
hv. lund enougli Ici fite first,* is a coiiTtcsy entirely out 
of date ; with the weapons of the present day it would 
be simply suicide. 

To come back to our second set of elementary ideas, 
Malttr, Pu!iition, Motion and Force. Of these, the 
accoiid (Posilion) is a purely space relation, or geo- 
metrical conception, and must necessarily be relative, 
unless something like the idea of Ricmann already 
referred to have an actual existence in the universe. 
Tht third (MoEion) is mere change of position, but as 
that change may take place more or less rapidly^ it 
involves the idea of time as well as of space, But both 
of these ideas are quite independent of the remaining 
two (Matter and Force) ; and in fact their study forms 
the subject of a special mixed science of Time and 
Space, called Kinenuiiks, which take5 Its place b^^side 
the older sciences, Geometry and Algebra, which I have 
already adverted to as the sciences of pure Space and 
pure Time. 

The grand te*it of the realfty of what we call matter. 
the proof that it has an objective existence, is its in- 
destructibility and uiicrcateability — if the term may be 
used — by any process at the command of maa The 
value of this test to modern chemistry can scarcely be 
estimated In fact we can barely believe that there 
ccukl have existed an exact science of chemistry had it 
not been for the early rccogmtion of this property of 
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matter; nor in fact would rhere be the possibility of 
a cbeoilca] an^ly^ls. supposing that wc had not the 
assurance by cnormou3l/ extended scries of previous 
expcrimenlft, that no portion of matter, however small, 
goes out of existence or comes into existence m ariy 
operation whalevtr Tf the dicmi^it WL-rr^ not certain 
t]t4t at the end of his opcr^lion^, provided he has taken 
care to adnnt nothing and to let nothing escape, the 
eontcnts of Ms vessels must be precisely the same m 
quantity as at the beginning of the experiment, there 
could be no such thhi^ asi chemical ana^y^is. Soltil^ sub- 
MdJive niliiht suddenly ippcar/ orsomcsubitariLC njjght 
auddcnly vanish, and no reasoning: vhatcver could 
icad to a deduction from the results of experiments 
under such conditions. This, then, is to be looked 
upon as the great test of the objective reality of matler. 
Tlicic rcnuiiii to be treated Force, the last of the 
fundamental four. The notion is suggested to us di- 
rectly, by the so-coIlcd * muscular sense/ which gives ua 
the feeling of pressure, as when we move a body with our 
band or foot. But we mui^t be particular!/ cdutioui as 
to the way in which we treat the evidence of our senses 
in audi matters. Think of Sound and Light, for in- 
stance— which, till they affect a special organ of sense, 
are mere wave-motions. The sensation is as different 
from thr cause in such ca^cs as are the bruise and the 
pain produced by a cudgel or a crid^et ball from the 



' Uccv3 btJiffVfid in ncTi poE^ibililJes. Witney, oinonf othen, Oie fol- 
1h*Mc— idmu&t ihc ^acioL of tl« raaixi/ijM absaidiLici of the N<tfitf/^iIo- 
mpJur. ll trnJiti U\ S iji. Enortij wciJen die Luuslisclicii KsiH wicJcr 
viUr; psan wigi lUnrt sje ilehen Kohlenflliire *ils d^r Lufi eln. Das irt 
■bcr fiV llyj>3llit^?; itf- lacfhBi TtelciEkr am dtr LiifC erft KahlCTISkurCf 
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mere mation of thos« portions of matter before impact 
on a part of the human body, Tn all likelihood .1 
similar (probably a more sweeping] statcmcQt b true 
of force. 

The definition of force in physical science is impHcitly 
cortaincd In Newton's first Law of Motion, and may 
tUu^ be giucn : — ■ 

F^r^ is any cause which alters or lends to alUr a 
bifdys staU of rest t/r &/ unifonn motion in a slrmg^t 
tint. 

The only difiict:Ity, and it fs a serious one, which we 
feel here, 15 as tn the weird * cause ;* for this^ amongst 
material things, usually implJca objective exi^tcJice: 
Now we have al^solutdy no proof of the objective c>- 
istcncs of force in the sense jast expUined, In every 
case in. which force is said to act, what is really observed, 
independent of the muscular sense (whose indications, 
like those of the sense of touch in matters conccrmni; 
the temperatures of bodies, arc apt to be excessively 
misleadintj)^ is either a transference, or a tendency to 
transference, of what ij; called cnei-gy from one por- 
tion of mattrr to another. Whenever such a Iransfe-f' 
crcc takes placpn there is relative motion of the portions 
of matter concerned, and the so-called force in any di- 
rection is merely the rate of irrmsference of energy pet 
unJt of length for displacement in that direction. Force 
then has not necessarily objective reality any more 
than has Velocity or Position. The idea, however, is 
still a very useful one, as It introduces a term which 
enables ns to abbreviate statements which would other- 
wise be long and tedious ; but, as Science advances, it 
is in all probability destined To be relegated to that 
Limbo which has already received the Crystal Spheres 
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of the Pbnets, and the Four Elements, along with 
Caloric and Pliloglsfoii, the Electric Fluid and the Odic 
or Pa/chic Force. 

It is only, however, within comparatively recent years 
that it has been generally recofjniacd that there is somc- 
thincf else in the pliyslci^l unWersc which possesses to 
the AiU as high a clyim to objective reality as nutter 
possesses, thougli it Is by no mean* so tangible, and 
tl:crcforc the conception of it wa^ much longer in forcing 
itself lipon the hnmon mind. The ao-called * imponde- 
rables'- — things of old svipposed to be matter — such a* 
hcjit and light, ft cst^^i, are now known by the purely 
experimental and therefore the only safe, method to be 
but varieties L>f whatwc call Energy^— something which, 
tbout;h not matter, has as much claim to recognition on 
account of its objeetlve existence ns any portioin of 
matter The grand principle of Conservation of Energy,^ 
whidi asserts that no portion of energy can be put out of 
cxbtcncc. and no amount of energy can be brought into 
existence by any process at our command, is simply 
3 gtatcment of the invariability of the quantity of 
cncrgj' in the nnivcr.se,— a com[iiinion statement lo that 
of the invariability of the quantity of matter. 

' Crcnl c«jnfaslon Una ^ecn miiocluccd inlci manj' modern Btittali \TOtks 
by & double u«oftlie wwd Fuicc Ii Is cmiilo^al, wiiLout (fUiilifjtatlcin, 
nnwtvn^ ip th* wnso nf foror proper \iA aU^jve d*'lin(3l), iiDnLeriEiiE>« in flip 
f m of oncigy t Th* Jwo things (II fmrp prnper tnn bp cfflird a ' liiing,' 
IttVtf^ probohl/ no ohjuctive «hi(l<nic?| cuid curl^mly no fci»er\Alion, 
cxopl jjowWy HI it tiiiilTly rtfinrd icflar?, which. FflTflQuy in vaiu aCtcaiptcit 
10 raitUe CLf^iinctiUllf, liui uHlcK cvcu if IL were jjTuvcd, AV'ould have 
po CKiiitcciu]] ifrith cu]Ud~>il-LOiL t>f cncr^j/] cu'c uX i^ iJilTrr^nE orders iih 
Itik4 »nd jqonrff milt*, fhftujf li pcHi^pii ihejf ar^ not qott* *u inconipnrflWe 
And jnuti* ot pflHCi^ Everi a tiitre want of prectsjcjn in tho 
of IcRU of luch fvodnm^DLal impoitancc u oliggc^r ULOompaCiblt 
vU ik eitotnM uT (rue tbiftnli^c method, 

B 
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The laws of energy differ from tho?ic of matter in 
one most import*nt rcsjjcct, so far at least as wt yet 
know hy experiment. Matter cannot, so far as wc yet 
know, be tranymnltd from one kind to another, thou^ 
in £omc cases it a^fsumes tvhat is called an aihtr&pit 
form. Till? gr(?at charactensttc of c-rergy, on the other 
hand, is that in f^cncrul wt can readily transforxii it (in 
fact it is of use to us sokty because it can be tnuis* 
formed), but in all it5 Irangformations the quantity 
present remains precisely the s^ime. 

Energy n*^y be dcfrned as the power of doing work, 
or, if we like to put it so. of doing misducf. I luvc 
already pointed out to yoj that the notion of cncr(ry is 
harder to seiBe than thot of matter Wherein, for in- 
stance, consists the difference between a mass cf snow 
lying on the moimlain sldr- i*nd the same mass when i( 
has fallen and rests in the valley below? Obviously, 
so far a^ the matter present la concerned, the two aub- 
atarces are identical, except in so far as molecular 
changes, such as mating, may have altered the state 
of some portions of the mass during or a.ftcr it.'S descent. 
Yet the elevated mass possesses, in virtue of its eleva- 
tion aloncj 3 power of doing work or mischief, which it 
has lost entirely when it has descended as far as it can- 
By the mere fact, then, of Its elevation, it possesses a 
power which it dnes not possess when it has dt-.^cendrf. 
This is calictl energy of position, q\ PoUntial Emrgsf- 
Other examples of it are to be found in a wound-up 
spring or weight, as in a clock, a bent bow ; or in gun- 
powder : and various others might easily be mentioned. 
Perhaps the most sinking of all instancLS that wir can 
give is that of the food of animals, including as one of 
the principal constituents the oxygen of the atmosphere. 
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But when the snow is detacher! from 1>ic mountain 
aide, in descending' it acquires another form of energy, 
depending entirely on its motion ; and thus wc distin- 
guish between enere>" of position and cnerf^- of motion or 
Kistftic Eneygy,\ To those who have acquired the intelli- 
gent use of the.se icmis it is mi*tter of coninion observa- 
tion that as the one of these becomes less, the other 
becomes greater. The velocity of the faUing snow in* 
creases constantly as it f:^radu3.!ly descends; and exact 
Cftkulation, according to physical experiment, shows us 
ttiat the amount of polcnlia.1 eiicigy Jost in ever^' stage 
of the operation is precisely equal to the amount of 
Kinetic energy gained. The process may be inverted 
if wc consider Kinetic enerj;y to be originally com- 
niunieated to a body^ suppose, for simplidty, in a ver- 
tically upward dinection. We Icnowthat a stone thrown 
into the air gradually loses velocity as it aaccnds higher 
and higher ; for an instant, when it has lost all velocity, 
it pauces, and then returns, gradually gaining velocity 
a« h in turn loses its advantage of position ; and calcu- 
Ution^ applied to this case, show? that at every sUge, 
whether of the ascent or of the descent, the sum of the 
potential iind the Kinetic energies remains prcci-^cly the 
same, except ia so far as il is modified by tlie resist- 
ance of tlie air. This, however, ^ves us no exception 
to the gcrer-d trull) of the principle of conservation of 
CQcr^, became any cnc^^y lost by the stone ia com* 
Biu&icatcd \v:thout lo^ of quantity to the surrounding 
air. 

We eontcmplatc, Ihcrcforr. with reference to energy, 
its eunscrvalion, whidl merely aa^ertt its ohjeelivc re- 
ality i it* transformations, which render it indispensable 
to the existcDCG of life and the physical changes in the 
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universe ; but it has in addition another and even more 
Ctirious property, Wc have* seen that change is essential 
to the existence of phenomena such ;t5 wc observe : and, 
tliat this change may take place, it b necessary thiit 
there should be constant transformations of energy. But 
some forma of energy are more capable of being trars- 
formed than others ; and every time that a transforma- 
tian takes place, there is always a tendency to pass, at 
least ill part, from a higher or more easily transformable 
to a lower or less easily transformable form. 

Thus the energy of the universe is, en the whole, 
constanily passing from htgbcr to lower forms, and 
therefore the possibility of transfurniation i.s becoming 
smaller and smaller, so that in the lapse of sufficient 
time al! higher forma of energy must have passed from 
the physical universe, and we can imagine nothing as 
remaining, evcept those lower fcirms which are incapable, 
so far ;is we yd know, of iiny furtlicr tiansformaticjn. 
The low form to which all transformations with which 
we are at present acquainted seem inevitably to tend, 
IB that of uniformly difTnacd heat We know^ in fact, 
that in order to make any use of heat — to transform It 
into mechanical power or into any other form of energy 
— it is absolutely necessary tliat we should have bodies 
of dilTerent temperaturea We must, as it were, have a 
source and a condenser. Now, when all the energy of 
the nniverse has talcen the final form of uniformly 
diffused heat, it will be obviously impossible to make 
any use of this heat for further transfoiination. Thus, 
BO far as we can as yet determine, in the far distant 
future of the universe the quantities of matter and 
energy will remain alisolutely as they now are — the 
matter uachanged alike in quantity and quality, but 
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coUcdcd together under the influence of its mutual 
gravitation, so tbat tlicie icmains no potential energy 
of detached portions of matter; the energy also un- 
changed in qiiantrty. but cntJrdy trnn^formed In quality 
to the low form of uniformly dilTused heaL^ 

This, the Dissipation of Eucf^/ is by no means well 
tindcrstocd, and many of the results of its legitimate 
application have been received \«ith doubts sometimes 
even with attempted ridicule. Yet it appears to be at the 
present moment by far the most promis^ing and fertile 
portion of Natural Philo3ophy, having obvious applica- 
tions of which 05 yet only a small percentage appear to 
have been made. Some, indeed, were made before the 
enuncialion of the Principle, and have since been recog- 
nised as in^IaMcirs of ii. Of such we have good ex- 
Ample? in Fourier's great work on 11 cat-conduction, in 
the optical theorem that an image can never be brighter 
than the object, in Gauss's mode of investigating elec- 
trical distribution, and in some of Thomson's theorems 
as to the eneigy of an electromagnttic fitld. But its 
dhcovcrer has. so far as I kno\v» as yet confined himself 
la Its explicit application to questions of Heat-conduc- 
tioD and Restoration of Energy, Geologicil Time, the 
Karths Rotation, and such like. Unfortunately his long- 
cxpccted Rede LcLture has not yet been published, and 
its contents (save to those who were fortunate cnougli 
to hear it) are still almost entirely unknown. 

Bui there can be little question tiiat the Principle 
contains tmplieitly the whole theory of Thermo-electri- 

* 71«;ni>oii On a l/nwtriaiTtrMtrHijfinNiiiure to Ditsipifiionf^Entrgyw 
rtot K_S,E i&hZ- 

i Whai fftllowi ifc L-itracfcil from my nilrlri-ss bs Pr«idcnl of Secliffli A 
ti the &rtlUh Ai&JCia:ioa Meeting of J^7t. 
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city, of Chemical Co mbi nation, of AUotropy, of Fluor- 
escence, etc, and perhaps even of matters of a higher 
order th^n common physics and cheniistry. In Astro- 
nomy Jt lead* \\^ to the grand quesiion of the agf^ or 
perhaps more correctly the phast of Itff, of a star or 
ncbala* shows ua the material of potcnticil suns, other 
suns in the process of formation, in vigorous youth, and 
Jn every stage of slowly protracted decay It leads ufl to 
look on each planet and s^ttellitL- as having been at one 
tine a tiny sun, \\ mi^mber of aomc binary or multiple 
group, and even now (when slmost deprived, at least at 
its aurfacc^ of its original energy) presenting fin cndlcs3 
variety of subjects for the application of its methods, 
IC le-ads U5 forward in thought to the far-distant time 
when the materials of the piL'scnt stellar iystc:ma shall 
have lost all but their mutual potcntisl energy, but 
shnll in virltie of it form the materials of future lariijer 
suns with their atiendnni planets. Finally, as it alone 
\% able to lead us, by sure steps of deductive reasoning, 
to the ncccssar>' future of the universe — necessary, that 
13, if physical lawa fur ever rcmaia unchanged— -ao it 
enables us distinctly to say that the present order of 
things has not been evolved through infinite past time 
by ttie agency of laws now at work, Ijut must have had 
SL distinctive beginning, a state beyond which we are 
totally unable to penetrate ; a state, in fact, which must 
have been produced by other than the now Ivisibly] 
acting causes. 

Thus also, it is possible that in Physiology Jt may, 
ere long, lead to results of a different and much higher 
order of novelty and interest than tho.'je yet obtained, 
immensely valuable though these certainly are. 

It was a grand step in science which showed that just 
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as the consumption of fuel U necessary to the working 
of a 5tcam-cngin«^, or to the steady light of a candle, so 
the living engine requires fyud to supply ita expen- 
diture in the forma of muscular work and animal heat. 
Stili grander was Rumfor<J'3 early anticipation that the 
animal i« a more economic engine than an/ lifeless one 
vre can construct. Even in the explanation of thl** 
tlietc U involved a question of very gical Interest still 
unsolved, though Joule and many other philosophers of 
the highest order have worked at it Joule has given a 
Buggcstfon of great value, viz,, that the animal resembles 
an cIcctiDmagnctic- raiher than a hest-engine ; but this 
throws n» back aguin upon our difficulties as to the 
nature of electricity. Still, even supposing this ques- 
tion fully ^nswcrt^d, there remains another — perhaps 
the high&it which the human intellect Is capable of 
rfifKCtly altaclfirg, for il is simply preposterous to sup- 
pose that we shall ever be able to imder5tand scicntifi- 
caUy the source of Consciousness and Volition, not to 
£peak of loftier thinj^s— there remains the question of 
Life. Now it may be startling to sc^me of you, especi- 
ally if you biive not particuUitly considered the miller, 
to bear it surmised that possibly avc may, by llic help 
of physical principles, especially that of the Dissipation 
of Energy, lome time attain to a notion of what con- 
stitutes Life — mere Vitality, I repeat, nothing higher. 
li yuti think for a moniL:nt of the vitality of a plant 
or a ioophylc^ llit: remark pcibaps will not appear ?^t> 
stntxige «lter fLil. But do not fancy that the Dissipation 
of Hncrgy to which X refer is ztt all that of a watch or 
suchlike piece of mere human mechanism, dissipating 
thff kiw and aimmnn form of energy of a single cuilccl 
spring. It must be sucli that every little part of the 
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liWng organism has its own store of energy constantly- 
being dissipated, and as constantly replenished from 
external source* drawn upon by the whole arrangement 
in llidr harmonions working togelhcr. As an iliiLslra- 
tion of my meaning, tliough an extremely inadequate 
one, suppose Vaucanson's Duck to have been made up 
of excessively small parts, each microscopically con- 
structed, as perfectly as was the comparatively coarse 
whole, we should have liad sumeLhing barely distin- 
guishable, save by want ^i insLincts, from ihc living 
model. Uut let ro one imagine that, should we ever 
penetrate this mystery, we shall thereby be enabled to 
produce, except from life, even the lowest form of life. 
Sir W. Thomson's splt'ntJid suggestion of Vortcx-atoms^ 
if it be correct, will enable us thoroughly to understand 
matter, anJ mathematically to investigate all its pro- 
perties> Yet its very basis imphcs the absoiutc rurcssity 
of an intervention of Creative Power to form or lo de- 
stroy one atom even of dead matter. The quc;stion 
really stands thus :— Is Life physical or no > For if it 
be in any sense, however slight or restricted, physical, it 
is to that extent a subject for the Natural Philosopher, 
and for him alone. 

There nu^C always be wide limits of uncertainty 
(unless wc choose to look upon Physics as a necessarily 
finite Science) concerning the cxnct boundary between 
the Attainable and the Unattainable. One herd of 
ignorant people, \dth the sole fr^sti^ of rapidly in- 
creasing numbers, and with tlie adhesion of a few fana" 
ticfil deserters from the ranks of Science, refuse to admit 
that all the phenomena even of ordinary dead matter 
are strictly and exclusively in the domain of physical 
science, On the other hand, there is a numerous group, 
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not in the slightest degree entitled to rank as I^Ky^icists 
(though in general tliey assume Ihc proud title of Philo- 
sophcm), who assert that not merely lACt^ but even 
Volition ;irjd Cojisciou^nt^ss nre. merely plly^Ical mani- 
festations, These opposite errors, into neither of ^vliich 
is it possible for a genuirc scientific man to fall^ so long 
fit least ns he retains hiis reason^ are easily seen to be 
very closely allicd> They aro both to be attribuled to 
that CrecKilit/wliidi ii cliaracteti\t[c alike of Ignorance 
anil of Incapacity. Unforiun.^tdy there h no cure ; 
the case is hopeless, for great ignorance almost neces- 
sarily presumes incapacttyj v-'hether it show itself in the 
coinpara.tively harmles* folly of the Spiritualist or in 
tJtc i)crDiciou^ norsense of the Matifdalist, 

Alike condemned and contcmaed.wc leave them to 
their proper fate^-oblivioa ; but still we have to face 
the question, where to draw the line between that which 
Is phyiical and that which i*? ntterly beyond physics. 
And, sgairi, our answer is — Experience alone citn tell 
us; for experience is our only possible guide. If wc 
attend earnestly and honestly to its tcachini^s, wc shall 
never go fa.r astray, Man has been left to the resources 
of hts intellect for the discovery not merely of physical 
laws, but of how far he is capable of comprehending 
them* And our answer to those who denounce cur 
legitimate studies as heretical is simply this^ — A reve- 
lation of any thing whicU we can discover for ourselves, 
by studying the ondinary course of nature, would be an 
aintirdity. 

A profound lejson may be learned from one of the 
earliest little papers of Sir W. Thomson, published while 
be wax an undergraduate at Cambridge, where lie shows 
that Fourier's magnificent treatment of the Conduction 
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of Heat [in a solid body] leads to fomiuUe for its distri- 
bution which are intelligible (and of course capable of 
being fully verified by experiment) for all time future, 
but which, except in particular cases, when extended 
to time past» remain intelligible for a' finite period only, 
and £hen indicate a state of things which could not 
, have resulted under known iaws from any conceivable 
previous distribution [of heat in the body]. So far as 
heat is concerned, modem investigations have shown 
that a previous distribution of the matter involved may, 
by its potential enei^, be capable of producing such 
a state of things at the moment of its aggregation; 
but the example is now adduced not for its bearing on 
heat alone, but as a simple illustration of the fact that 
all portions of our Science, and especially that beautiful 
one, the Dissipation of Energy, point unanimously to a 
beginning, to a state of things incapable of being 
derived by present laws [of tangible matter and its 
energy] from any conceivable previous arrangement. 

I conclude by quoting some noble. words used by 
Stokes in his Address to the British Association at 
Exeter : — ' When from the phenomena of life we pass 
on to those of mind, we enter a region still more pro- 
foundly mysterious- . . . Science can be expected to 
do but little to aid us here, since the instrument of re- 
search is itself the object of investigation. It can but 
enlighten us as to the depth of our ignorance, and lead 
us to look to a higher aid for that which most nearly 
concerns our wellbeing/ 



LECTURE 11. 

THE EARLY HISTORY OF ENERGY. 

Newton's servics to ihr subject only of late recognised. Secoid L^no-^ 
There is DO balancing of forces ; but only of the effects of forces^Cfmnf' 
tritai composition of velocLlies. Third Lav — lis second interpretalion 
onaUbutcompteleslBteineiiioftheConaervalion of Energy — Arithmetical 
composition of the squares of velocities. EjtperiinEnial results of Rum- 
ford and Davy, tilling up the lacuna in Newton's statemenL Their 
proofs that Heat ia not matter. Davy's statement of the true theory of 
Heat Speculations of S^guin and Mayer. 

Though the subject which has been proposed to 
me is, * The Advances of Physical Science within the 
last thirty years/ we must look upon the calling atten- 
tion to valuable though neglected or misunderstood 
discoveries of old time, as being quite as much an 
advance in the present age as anything that has been 
done for the first time within the last few years. I 
cannot commence better than with those two of the 
great advances made by Newton, which were unfor- 
tunately very little recognised during his life, but which 
within the last ten or twelve years have been brought 
prominently before the world, and have shown us how 
enormously in advance of his time — and perhaps in some 
respects even of our time — Newton was. 

The first of these is contained in his simple state- 
ment of the second law of motion. I shall read it, not 
in his own words, but in a literal translatioa He says ; 
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' Ckxngi of m&ticn /j fraporihrtai ft* i^e imprttstd 
f*nxe. and t&k£^ ffacf in the dirfe4im &f the Uraigki 
Ixne in U'kUh tkt fcree aeis." Now, for the ccnlury 
and a half ainct Newton's time, maihematidans and 
natuiaJ philosophers have been pu a zhng themselves to 
invent various proofs — so-called statical proofs — of the 
law of composilion of forces ; the (aw wliich inrorma us 
how wc are lo liiid a single force which will produce 
precisely the same effect upoti a body as two simul- 
tancously actmg forces applirrd at one point. All these 
different schemes have been, I may say, one more 
complex than another; and they have finally laiidcd 
the student in uCtcr confusion. Out of that confusion 
we have orAy recently escaped by coming hack to the 
simple, but extraordinarily complele, slatemeiit of 
Newton s which I have just rcsd 

Ne%vton tells you, ' Change of motion is proportional 
to the impressed force," He says nothing whatever as 
to what the motion was to begin with. He says no- 
thing whatever as to the force being alone. There may 
be as many forces acting as wc please ; and of every 
one of them he says the change of motion which it 
produces is prcportioaal to it, and takes place m its 
direction. 

Moreover, hi that statement Newton tells us that a 
force, according to him. always produces an effect. 
There is no such thing as two or more forces balancing 
one another — -preventing one another from acting, as 
it were. Newton's notion Is, if there is a foicc at all, it 
is doing something ; and what it docs is, it produccs^ a 
change of motion, or, in modern language, 3 change of 
momentum, proportional to itself and in its own direc- 
tion. So tiiac, according to Newton, there is practi- 
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cally no such thing as StaHrs. There is ro balancing 
of forces. There rs b;*la.iii:ing of the effects of forcei, 
which is quite another ihingn A force always produces 
its effect, and if two forces or more produce effects 
which bs]ance one arolher, then we shall have perpetual 
bal^ftcing ] but we h^ve no balancing forces, merely 
3 b^tlancing of the effects they produce. We liiive the 
very simplest case of this where a weight 13 lying on a 
tabic. Gravity is con.sta.ntly actin^r : the weight is con- 
stantly being pulled down by tlio attraction of the 
earth, but it is as consLintly bt-ing pressed upwards by 
llic resistance of the table ■ and each of the^^i: is pro- 
ducin^T in each second a certain quantity of momentum. 
The one is producing momentum m a vertically down- 
ward direction ; the other U producing momentum in 
a vertically upward direction. These correspond to 
equal velocities In an upward and a downward dircc- 
tioa ; but it is the velocities, not the forces, which 
balance or neutralize one another. 

To extend this statement to the case of the funda- 
mental proposition in statics, which telk ns how to 
compound tkvo forces, and to find their resultant, all wc 
h&vc to do IS to consider the two forces as acting upon 
a single particle of matter. If one of them acted alone, 
iox a certain time, it would give it a velocity of a certain 
amoimt. and in a certain direction. If the other acted 
alone, for the same period of time, it would equally 
give A vclocttj" definite in amount, and definite in direc- 
tion ; but! particle cannot be moving in more than one 
direction at a time, so that what we have to consider ii: 
th»: — pis Newton virtuHlly tell.^ us tluit the presence of 
a second force in no way interferes with the action of 
the fir*t. wc have to seek hrst what arc the effects of the 
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tw'o separately, and tiicn what, in coosequence of Chcse 
cfTects supposed simultaneous, will be th€ actual motion 
of the particle It comc^thrn to bca qurs;tion merely of 
compoundingvdocTlics — a purely gcoinctiical (or, mure 
stfycXXy^kiimniUkai) question instead of a phyaical onc^ 
The second law of motion, therefore, enfibleg us to coiri' 
mcnccwilh the purely geometrical notion of compound- 
ing two velocities, and thenrafter to translate that into 
the compounding of two forccSv 

But the law of composition deserves a word or two. 
The compounding of two velocities is of course seen at 
once to be equivalent to this : If one body, such as a car* 
rxHge, for instance, be moving in a certain direction with 
a certain vclocityn and if some object in the carriage be 
simultaneously moving with reference to the carriage in 
a certain other direction, and with a certain other velo- 
city, you can consider each of these separately-— the 
motion of the carriage, or the mctlon of this body re- 
latively to the carriage ; but when you take the two 
simultaneously, the result is that, with reference to Uic 
ground supposed fixed, there is a perfectly definite 
direction and velocity with which the body is moving. 
Thi-i is an obvious truth ; and the geometrical result Is 
that, If wc represent in magnitude and direction one 
of tlic two velocities by a line AB^ and the second velo- 
city by another line 5tr, drawn from the extremity of 
tlie first, then the singfe velocity, which is equivalent to 
the simultaneous existence of Ihe^e two velocities^ I8 
found by draxving the third side AC of the hitherto 
uncompleted triangle. It follows then that (turning 
to the forces which produce these motions) as AB 
multiplied by the mass of the body W the change 
of motion produced by one of the forces, and BC 
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multiplied by the same mass represents the change of 
motion produced by the second force,— the change cf 
motion produced by the two forces acttnpf simultane- 
ously is the prodtict of the mass moved into th<? third 
side AC of die triangle. But Newton's Law tells us 
that changes of motion arc prt>portional to the forces 
wliicli (produce them. Therefore if AB be now takcTi 
to represent on a certam scale one of the forces^ and 
BC the other, the single force which is represented on 
the same scale \iy the thiid side of the triangle will 
produce precisely the same effect upon the body as 
would be produced by the simultiineous action of the 
two separate forces. And you will see at once how it 




h that tliis law of gcomettical compoaltton of forces 
(what iac.illcd the Irianple of forces], is merely a slightly 
dlDer^ot mode of expressing wh^t you may be more 
famtlUr wJth urder the designation of the parallelogram 
of lorcc:!, the su-callcd fuiidanicntal principle of statics. 
There, then, is the law of the geometrical composition 
oC forces, and abo of veJocilies, We have in this case 
two side^ of a triangle (taken consecutively and in the 
same way round), whTnh may Ije said in a senjie to be 
^metrirtiiiy cquivalctU to tlic tliird side (uken the 
opposite wAy round), but the sum of their lengths is 
oot cqxial to that of the third side. This is the law of 
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composition of^rhat Sir W> R. Hamilton called vi€0rs, 
and it is obviously gener^lizablr into a simiiar construc- 
tion for the composition of any number of velocities or 
forces in any directions in ^pace. I Icrave il, widiout 
further cormieiit for the momcat, until I liavc made 
some remark? on Newton's Third Lav.% and then you 
will 3CC how there is a physical sense in which we must 
take the sura, not of two sides themselves, but of the 
squares of two sides ; how, hi fact, the 47th proposition 
of tlie fir^t book of Euclid comes in as pnrt of Uie iiitcr- 
prctation of Newton's third Jaw of motion. 

Newton's third law cf motion, which I have just re- 
ferred to, is expressed in very simple words. ' Ta fvtry 
acitoN rhtre is ahoaj/s an f'tff/aJ tttrd lonrrarjf r^acdtm^ 
Tlicse terms, 'action' and "reaction/ Newton proceeds 
to explain. He telb us that there are two senses, quite 
different from one another, in which you may interpret 
each of tliese words ; and yet that this same simple 
statement of the equably of action and reaction holds 
for each of these two perfectly dUtinct mcAJiings. 

The first form of action is thai of an ordinary force 
or pressure ; and Newton's statement then, is equivalent 
simply to this : that if a weight presses upon a table, 
X\\^ table must react upon tlie weight with an c<\\mi\ and 
opposite pressure, and this whether the table is moving 
or not. Even supposing I were to lay so lar^c a mass 
upon a table that the table were lo give way, still while 
it was giving way, in the act of moving, if there were 
pressure at all between them, tlie load would press 
at every instant upon Che tabic with an exactly equal 
and opposite for^rc to that with which the table prc^ies 
upon the load, and the same will hold however you 
may connect two bodies tt^ether If you connect 
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them GLther by were contact, or by strings, or chains, 
or rods, or girdtrrs, anything — wherever there is a con- 
nrction between two bodics^if there be any action 
whatever along that connecting link, there always is an 
equal And opposite reaction. And a visible or tangible 
link \s not necessary. The same l.iw is true of gravita- 
tioD'^ttraction^ and of electric and niagnelii: attracEionsH 
StJ far, t]ien, ihfs is nicrily a c]ije?«lion of forces ; but 
it seems to have entirely escaped tJie notice, not on\y 
of Newton's contemporaries, but of those ^^■ho have 
succeeded him during the last 150 or 200 yciirsj until 
qaitc Utely, that Nekvion's second explanation Jits second 
moile *)f intcq>rcirng his third law. is something per- 
fectly dificrcnt from this, and leads us into n new order 
9r range of phenomena. This second interpretation i.-* 
so important that I muBt bestow considerable time upon 
it, because in reality it shows Newton to have been in 
possession of many of the principal facts of tl^e conser- 
v^tion iind trEinsfoiTiiation of enci^-y. One or two of 
these facts escaped iiini, simply bccajsc he did not 
know whdt heat is, but he was very, very near attaining 
even lliat. He has given u^ all the mathematical mate- 
riaU that are required for the treatment of ft : hut he 
miifsed one great point, simply because experiment had 
not gone tir enouK^i in his time. Of course 1 need 
aot say that he knew nothing {not even the name) of 
de€tro*niagnetUm and other recently discovered phy- 
ikkl agents, all of i-vhich we can row classify under 
energy ; but for cvci>'thing that was known in his lime, 
uith the exception of heat and light, he gave us a com* 
plcte statement. That complete slalement, strange to 
uy, has only been found in his great work within tlic 
Uit few years. It is tliis, literally translated : — '// she 

c 
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action cf an agent be measured [not by the agent itself, 
as in the case of a force, but] by the product of its force 
into its velocity, and if similarly the reaction of the 
resistance be measured by the velocities of its several parts 
multiplied into their several forces^ whether these arise 
from friction, co/teston, weight, or acceleration ; action' and 
reaction in all combinations of machines will be equal 
and opposite^ Now, in order to see the full force of this 
statement, let us consider what is meant by the product 
of a force into its velocity. Newton, as he has shown in 
a previous definition, understands, by the velocity of a 
force, not the whole velocity of the point to which it 
is applied, but the component of that velocity which is 
in the direction of the force. If, for instance, a horse is 
drawing a canal boat along, you are not to multiply 
the force of tension of the rope by the velocity of the 
canal boat, because the canal boat moves in one direc- 
tion, and the tension of the rope is in general in a dif- 
ferent direction. What you must do then is this : you 
must find out how much of the velocity of the boat is 
in the direction of the action of the force ; resolve it, 
as it is called, multiplying the amount of the velocity 
of the boat by the cosine of the angle between its direc- 
tion and the direction of the force which is applied by 
the rope. Then, what Newton says is this : if you so 
treat it — multiply each force by the velocity {in this 
sense) of its point of application — you will find that the 
sum of the actions will be equal to the sum of the re- 
actions- 

A word or two more about this before I consider the 
very admirable statement of various cases which Newton 
gives. Let us see what we mean now-a-days by what 
Newton calls here 'the action of the agent' It is the 
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product of the foroe into the resolved part of the velo- 
city in the direction of the fcirce. Therefore it ts the 
product of the force itilo the rate at which the point of 
;ipp1ic^t[on moves in the direction of Ihc force The 
product of a force into the space through which it 
moves iU point of applicalion in ils own direction is 
what we now call the amount of Wi^rk dofit by the 
force. But \w NewIoiVs staletnctil it i-s not the amount 
of work done, but the rate at which work is being done, 
50 that whnt he contcmplalea is really what wc now-a- 
days measure, after Watt» by the unit called a horse- 
jxiwer— the rate at wliich an agent works when doing 
33,000 foot-pouads of work per oiitiute. 

Now, you win particulaily notice that he says the 
several parts of the resistance, 'whether these arise from 
fricdon, cobefton, weight, or acceleration,' 

I shall take, first, cohesion and weight You can 
easily sec how a resistance may arise from cnliesion, 
which simply means what we now call mtjlecular forccrt 
in general, as, for instance, when work is spent in 
changing tlie shape of a body — when it is employed 
in producing a shear, for instance. There you have 
the elantic foircs of the hotly worked against ; and what 
Mcwton says is, that the amount of work spent, or the 
rate of spending work in distorting the body, is equal 
lo the amount of work done or the rale of doing work 
against the da^itic forces. Ft is thus stored up in the 
d£ttofted body as Potential Energy. 

Then he says 'weight:' the rate at which an ag:eot 
work? in lil^ini; a ma^ Is exactly equal to the rate 
A which work is done again^^t gravity : and the work 
w done is stored up as FoteutiA] energy of the raised 
nass. 
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Then be says 'accclcratioit^ atu^tliat bbyfartbcmost 
importaTit of tJ»ow 1 have yet mcntioaod. When work i9 
speot on ^ body whore there is no resistance from fric- 
tion or from weight, or frnm cohcftoii, Newton says Clut 
work win always be spent against a resistance due to 
acceleration ; ihaC is, work is spent in ovcrcominE the 
Inertia of a body and increasing its velocity. This is a 
statement of very great im[>ortancc ; and wiicn we in- 
terpret it according to Newton'* prcvioody laid down 
definitions, we find that hin third law here asserts that 
the rate at which the agent work?; is the rate at which 
the kinetic cnci^y of the body increases- Work apcnt 
Against acceleration is thus stored up in the body in the 
form of an increase in the kinetic energy. 

Tliat is very important; but there is a still more 
impoitart point> which Newton takes account of) and 
that ia, work spent against friction. Whenever work is 
spent ag^iinst friction, we all loiow now-a-dayfl tlial 
heat IS produced, and it has been proved by elaborate 
cxpcrimeiUs, which I shall prescnMy diMTUSs, that tJic 
amount of heat produced ia precisely proportional to the 
amount of work spent in producing it. li Ncwton 
had known that, be would have had no difficulty what- 
ever, after this extremely lurid statement of his, in 
passing to the general modern statement of the conser- 
vation of energy. So near had he arrived at it, that it 
wanted only experiments like those I am presently to 
describe, to have enabled him at once to take a fall 
grasp of the subject, at least io far as we know it in 
tile present day- 

Before I leave this matter, however, I must say d 
word or two as to the result of compounding two 
amounts of Kinetic energy. Suppose we have a 
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southwartl velocity ainoimlifig, let us say, to 3 feet 
per sccudO, aiiti siiiiiiUaiiL-t>usl/ dti ca^^tward vt'locily 
amounting to 4 'ccC per second, then wc know by 
Kinematics, h»>w to construct the single velocity, wbich 
la the resultant of thc^c two All we have to do is 
to draw a line of tc^ngtli 3 soutliwards, and from Ju 
cxtfcmitj' a line of length 4 to the eastward, and 
then complete the Irianelc. In a geometrical sense, 
therefore, a velocity of 3 southwards and a velocity 
of 4 eastwards will be eqtiivalttit to a velocity which, 
if yon calculate what the third side of tlia.t triangle will 
be, is represented by % on the same &cak\ tt will 
then be a velocity of 5 in a direction which makes 
All an^e, whose sine is -{, with the south line. So 
far the geometncal conception of composition is 
perfectly definite. Hut now let us see what this in- 
volves in the case of Kinetic energy. If a mass were 
moving ivith a velocity of 3 southwards, ^nd simultartc- 
i>U5ly with a velocity of 4 eastwards : its Kinetic 
eiMfgy, being proportional to the square of the velocity, 
t£ in the ^oitthward dii-ection pmportional to 9, the 
K|u^rc uf ^, while in the eastward dircctioii it is pro- 
podkiiml to 16. But the same mass moving with the 
rcsultfuit of these velocities has Kinetic energy pro- 
portional (on the tame scaler to 25— the arithmetical 
vtm of the other twa So that there arp two ways of 
cooipuuEidtrtg these comblnalions of the velocity and 
caa^s of a body, When it is a question of momentum 
— thM is to say, when it is a question of the application 
of Ncwton'fi first rueatiing of the word actio in his third 
\VR — when the actio means a simple fcrce, then you are 
la compound geometrically, and two sides of a triangle 
arc in that sense equal to the third i bm when it comes 
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to compounding Kinetic energies which arc propor- 
tional to the square of the velocity, then you are m 
limited to right-angled triangles, nnd having to add the 1 
squaiXrS of the two sides, you obtain ttic square of the 
tliird side. The difference then between the geometrical 
coiDposition ard the simple arithmetical addition id a 
ditference depending upon the use of the first or second 
power of the velocity. VVhen> as m momentum, the 
first power is involved, the magnitude is essentially a 
directed one, and two directed magnitudes must be 
compounded geomclrically. But Kinetic energy, de- 
pending as it does upcjn the square of the velocity, iS 
essentially non-di recti ona!, and tU various parts, when 
hidqiendent of one another (as they are when they 
depend upon motions in directions perpendicular to 
one another), are to be compounded by simple addition^ 
These two things, then, Momentum and Kinetic Energy, 
perfectly distinct from one another, having no reference 
to o:ie anotlici' that wc tan trace at present, are both 
included in the simple form of statement of Newton's 
third law, only with a corresponding dift'erence of 
meaning to be attached to two of the words involved. 

What Newton really wanted then was to know what 
becomes of work which Is spent in friction. Now^ the 
first successful answerer of that question was un- 
doubtedly Count Rumford, and from his paper of tjqlA 
I shall read some extracts, beca^tsc It ie one of the 
most valuable experimental parsers thiit perhaps ever 
was published It h most admirably philosoplilcal in 
its modcof experimenting, and it is throughout entirely 
opposed to that ^ priori style of rei^soning which (as I 
showed you in my last lecture) is so fatal to prt^rcs* 
in natural philosophy Count Runif<^id says;—- 



'Il ffcqucncly^ happens, thai <n tKc ordinary aiTmrs and occupn- 
iion* of life, opportimlrie^ present themselves of contemnTailng 
some oi Ehtf mosl cunous op^ntions oFMnEure ; nnd vcr}^ interest- 
ins pliilotopliitd cipcriiQcms mighx often be made, alniosi wiih- 
oui trouble or erpcnt?, by mr*iini of maehiiwry cotiinved for the 
mere iriechanicn] purposes of the cuts and mnn[|fi9Cture«. 

' I have frci|U'^EiLly lud okcaTkioji to make ihh obsciVJitLon l and 
am persuaded, thai a Jiifjii of keeping the eyc^ npi-n to ererylhing 
tl:ai 15 gt>jflg Oft in ihc ofdmary course of Uic businpiE of life has 
oftener led, xs it WLit by accidcni, ur in ihc pLiyful eAcmsions 
ol the imaginutlon, put into rtclion by contemphuing Ihe mo%t 
common appcofnncci, to iTat-Tul doubts, and stirsibk schcmei for 
invriiiijntion and ttnprijvemtiUTilian all the more intense medha- 
uons of philosopher^ in Ibe hours exprc&^y set ;ipart for study.' 

Thon ag^In lie says : — 

' Hrmg engjj^tfil, lately, in supCTimendtng the boring of cunnor, 
in the workshops of Ihu militnry arsenal nt Munich^ E wnt struck 
with llic voy tooMdctibk" iltgrc^e uf H«ir vhii.h a braii gun 
acquire*, m a ahoft time, in being bored : ^ud with Lhe stdl more 
iftlcnK Heat Imudi greater thnin Ihnt of boilmg water, as T found 
by cii(Hrrlm[.-ivu tif ilit rn<;t:inic rhipii sqiar iiii:^d fmm it by rlie borer. 

■The more I meditated on these pbcnt^mena, the more they 
appealed to mc to be Curious -ind iineicsline* A ihorough in^csLi- 
Ijilion of them $«mr(3 even to bid fniir lo give 3 fiifther insight 
lalo ih« hxrfdeiv nature of Heac ; .iiid t* cniiblc us to form some 
rcjiBioiidble conjt;ciurca <e»pect)njj the emiirntc, or uon-exhtcnce, 
of sn igH<ri*us ^S4td r i swHjeet on rthich che opinions of philoao- 
phcn have, m aB ages, been much dHided- 

' Fri>mst^fH(d.vmr,rlbcl teat dLtiially produced En LhcinecluuilCHl 
flperjilon ;ihfire meniioncrn 

■ Jh ii furnished by the metallic chips which arc aepantted by the 
bcrct from tltc ^)id mou of mcul ? 

• If ihk wrr^ th< cnsp. then, .veordlng :o the modern doctrine* 
of liUeTtt Heat, and afealfiTic, the *-fj/if«Vy/*r//£'it/of the parts of 
tlic met^l, ho Jtxfuced to chij^^, oij|;ht nat only to be thangril, but 
lhe chanjC'' un'lL-riC'>nr by tbetn ihould be Bufficientiy peat to 
account for dU the \\<ax produced.' 

He flccs tiM (ii^Gutty : he catclica at cncc really what 
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is wanted — the true method of upsetting the old notion 
that heat was matter. The explanation which was 
given of the heat produced by friction by those who 
believed that heat was matter was simply this : — The 
body in its solid state, or rather in its massive state, 
before you began to abrade filings from it, possessed 
in that state a certain quantity of heat. It had a 
certain capacity for heat at a certain temperature; 
in other words, it required so much heat to be mixed 
up with its particles in order to make the tempera- 
ture of the whole that which was observed. But if 
you could make it more capacious — if you could give it 
greater capacity for heat — then it would hold more 
heat without becoming of a higher temperature. On 
the other hand» if by any process whatever you could 
diminish its capacity for heat, then^ of course, it would 
become hotter itself, and even give out heat to sur- 
rounding bodies, so that, according to the notion of the 
supporters of the caloric theory (as it was called), the 
production of heat by friction or abrasion is due to the 
fact that you make the capacity of a body for heat 
smaller by reducing it to powder. For of course, when 
its capacity for heat is thus made smaller, it must part 
with some of the heat it had at first ; or if it retains it, 
it must necessarily show the effect of the heat more than 
it did before, and must therefore rise in temperature. 
NoWj this reasoning is, so far, perfectly philosophical. 
We can say nothing against a mode of reasoning of 
that kind. The only fallacy in it was the assumption 
that heat is a substance. Now, see how well Rumford 
laid hold of that point, and how he proceeds by ex- 
periment to try if possible to satisfy bis doubts about it 
He says : — 
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' If this were the case, then, according to the modern doctrines 
of latent Heat, and of caloric, the capacity fcr Heat of the parts 
of the metal so reduced to chips, ought not only to be changed, 
but the change undergone by them should be sufficiently great to 
account for all the Heat produced.' 

Rumford found no difference, so far as his form of 
experiment would enable him to test it, between the 
capacity for heat of the abraded metal and the metal 
before the abrasion had taken place ; so that If this 
experiment had been only a satisfactory one— and 
Rumford did not see how to make it thoroughly satis- 
factory — the fact that heat is not matter would have 
been conclusively established. What Rumford really 
did want was this : he wanted a test to bring the 
abraded metal and the non-abraded metal, if possible, 
to the same final state- He tried to do that by throw- 
ing them into water — equal quantities of the lumps and 
of the filings into equal quantities of water — to see 
whether they would produce different changes of tem- 
pcrature^ each in its own vessel of water. But then 
they were not in the same final state. The filings, re- 
member, were in a distorted state ; they might have 
been very considerably compressed, or they might have 
been distorted in shape by shearing or something of that 
kindi in virtue of which they might have had a certain 
quantity of latent heat which he could not discover by 
this process. The only legitimate process which we 
know of for completely answering that question, which 
was Rumford's sole difficulty, is a chemical process. 
Dissolve your lumps and an equal weight of your filings 
in equal quantities of an acid. At the end of the oper- 
ation, of course, there can be no doubt that the chemical 
substances produced will be precisely the same, whether 
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you begin with lumps or with filings. You will have the 
same chemical substance ; but if there be any mys- 
terious difference as to the capacity for heat in them, 
that will be shown during the process of solution. In 
general, in dissolving a metal in an acid, there is a de- 
velopment of heat ; but if there were any difference in 
the quantity of heat which the lumps and an equal 
weight of filings contained — that is to say, if heat could 
by any possibility be matter — then there would neces- 
sarily have been an escape of heat more in one vessel 
than the other If Rumford had tried that one addi- 
tional experiment, he would have had the sole credit 
of having established the non -materiality of heat 

The details of Rumford's experiments are given in 
full, but I shall not describe them to you. 1 merely 
mention that they show extraordinary skill and care in 
experimenting, and wonderful precaution in trying to 
avoid, as far as possible, the necessary losses in the 
experiments. When losses were unavoidable and of a 
large amount, the same skill is shown in making separ- 
ate side experiments, in order to enable the operator 
to allow for them in the main experiments. The 
whole work itself is a model of experimental science. 
I shall now pass on to the final reasoning, merely 
mentioning in passing that Rumford actually managed 
to boil a large quantity of water, though an immense 
amount of heat was lost in spite of all his precautions. 
Still the work of a single horse for two hours and twenty 
minutes was found sufficient to boil about 19 lbs. of 
water, besides heating a large casting of the cannon, 
and all the machinery that was engaged in the process. 
He says : — 

* It would be difficult to describe the surprise and astonishment 



THE EARLY HISTORY OF ENERGY. 43 

expressed in the coumenances of the by-standera, on seeing so 
large a quantity of cold water hea-ted^ and actually made to boil, 
without any fire. 

* Though there was^ in fact, nothing that could justly be con- 
sidered as surprising in this events yet 1 acknowledge fairly that it 
afforded me a degree of childish pleasure which^ were 1 ambitious 
of the reputation of a grave philosopher, I ought most certainly 
rather to hide than to discover/ 

Here is his final reasoning : — 

* In reasoning on this subject, we must not foT^et to consider 
that most remarkable circumstance^ that the source of the Heat 
generated by friction in these experiments, appeared evidently to 
be inexhaustible. 

' It is hardly necessary to add, that anything which any tnstt- 
iated body or system of bodies can continue to furnish imthoui Hmi- 
iatirrn, cannot possibly be a material substance. It appears to me 
lo be extremely dif^ult, if not quite impOBsible, to form any dis- 
tinct idea of anything capable of being excited and communicated 
in the manner in which the heat was excited and communicated in 
these experimentSj except it be motion^ I am very far from pre- 
tending to know how or by what means or mechanical contrivance 
Qiat particular kind of motion in bodies which has been supposed 
to constitute Heat is excited, continued, and propagated ;' 

and then he proceeds to apologise for the ininutise 
given in his paper. 

Now, when we make a calculation from the data fur- 
nished by Rumford's paper, we find this : that, suppos- 
po^ng heat to be a form of energy, and taking 30,000 
foot-pounds per minute as the work of a horse (that is 
something like an ordinary estimate), the mechanical 
equivalent of heat is 940 foot-pounds. The meaning 
of that statement is, that if you were to expend the 
amount of work designated as 940 foot-pounds in stir- 
ring a single pound of water, then that pound of water at 
the end of the operation would be one degree Fahren- 
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heit hotter than before you comnieiiced. [Rumford 
throughout uses Fahrenheit's degrees.] We can put it 
in another form, which is perhaps still more striking. If 
you had a cascade or waterfall 940 feet high, then, in the 
fall of the water down that cascade, there would be 940 
foot-pounds of work done by gravity upon each pound 
of water ; and therefore if all the energy which the mov- 
ing water has, as it reaches the bottom of the fall, were 
spent simply in heating the water, the result would be 
that the water in the pool at the bottom of the fall 
would be 1 deg. Fahrenheit hotter than the water at 
the top of the fall. 

I may remind you here, that Rumford's experiments 
were published in 179S, so that they are of consider- 
ably old date; but, like those which I am just going 
to advert to, they were barely noticed, or noticed only 
to be laughed at, until somewhere about the year 1840. 

Now, in the very year after the experiments of Rum- 
ford were published, we had the experiments of Davy. 
I need not go into minute details about them, because 
they were not by any means such models of careful 
experimental work as Rumford's. But, for all that, 
Davy gave conclusive proof (if he had only at the time 
seen it himself) that heat is not matter. His proofs 
were of this kind. He first showed that by rubbing 
two pieces of ice together — by simply expending work in 
the friction of two pieces of ice — you could melt the ice- 
Now, supposing heat had been matter, this is the sort 
of argument that a believer in the caloric theory would 
have used : two pieces of ice when rubbed together 
cannot possibly melt one another, because in order to 
melt them you will have to furnish heat to them- But 
the heat can only come from themselves when they are 
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rubbed together ; it cannot come from surrounding 
bodies, and thereftJre they cannot possibly molt to- 
gclht^r, hccanse to melt one anotlitr, they wuuld have 
first to part with some of their heat in order to produce 
the mJting. Davy showed, however, that the mere 
rubbing toother by prcpcr mechanical force of two 
pieces of ice w^os sufficient to melt the surface of each. 
TheTc still wns this prjssible objection, tliat the heat 
might have come from some external source, so that 
his second experiment waa of this kind. He rubbed 
t>/0 pieces of met,il together^ keepint: them surrounded 
by :cc. and in the exhausted receiver of an air-pump. 
so as if possible to avoid rsdi^jnt heat, heat carded by 
OonvL-ction-currents of ah, ,ind so on, and to remove 
every possible diaturbJng cause, or cA'cn source of sus- 
^ioD, from his experiment ; and still he found that 
the^e two pieces of metiil, when rubbed together tlierc, 
constantly produced heat and melted the ice, every pre- 
GIUtiOQ having been taken to prevent heat from getting 
It them from every sidcn It is curious that his red- 
Moing upon the subject is extremely inconclusive, 
Althoxigh hi3 cxperimenls themselves completely settle 
ihc question. He says : — 

'From this enpermeni i[ U evident thai ice by friction \% con- 
vffftcid into voter, and according Lo the supposition '\\% capacity iit 
dJEaiftbiicd ; LuT it is a v^cU-knuwD fiict ihat ihc c^^p^dly cf Aaicr 
fivhmt k mtidl gpi^nier th^n tliai of ic^ ; and ice niii:^t h.ive an 
abwlatc qtiAntiiy of h<ut added to Jt before it can be converted 
iuo »a(n. Fnciion. consequently. doe& not diminish llie Lrapa- 
crtie* oJ bodict for heat ;' 

and there he stops. But some years afterwards he 
came to this tonduiion from tliesc experiments : — 

' IfcM, ihcn, fir thfLl poiivcr which i>rcvcnii lIlc aciiinil coatACE of 
(W oorfpnulct of bodies, and which \\ the cau&c of our o^vn sensiii- 
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lions of beat and cold, may be defined as a peculiar rootioiif pro- 
bably a vibration of the corpuscles of bodies tendii^ to separate 
ihenL It Diay witb propriety be called the repulsive motion. 
Bodies exist in different states, and these states depend upon the 
action of attraction and of the repulsive pover on their corpusctes, 
or, in other words, on their different quantities of repulsion and 
attraction.' 

Now, we see at a glance how he explains by these 
experiments what is the difference between a solid and 
a liquid, and the difference again between a liquid and 

a gas. In general, the melting of a solid Is produced 
by communicating heat to it. In other words, accord- 
ing to Davy's explanation, the particles of the solid 
are set in vibration, and thus, in consequence of the 
repeated impacts upon one another, they push one 
another asidc^ And, as he also says, you may consider 
this repulsive motion to have a complete analogy to 
the so-called centrifugal force in a planetary orbit, for 
the faster one particle is moving about another, the 
larger necessarily is the orbit into which it will be forced. 
The particles of a solid then are forced from one another 
by this repulsive action of heat, and the action of the 
heat upon It turns it into a liquid state. When you 
increase still further the amount of heat commitnicated 
to the body, you at length overcome altogether the, 
cohesive forces, and you have free particles, as in a gas, 
flying about and impinging upon one another, but only 
for very brief periods coming near enough in the course 
of their gyrations to bring into play the molecular 
forces again. Whenever, however, the molecular forces 
do come into play for a moment, you may have two 
particles adhering tc^ether, but they are soon knocked 
asunder by a blow from a third particle. 
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Tlicrc b one other sentcntc. ^lowcvcr^ which I must 
quote from Davy, and then I shall have Einishcd my 
account of his contributions, which were later than 
■799' "'^'^n ^^^ 'ii^t paper was publishci^. In fact, in 
1812 he cnc^unces this proposition ; — 

' The immediaie cauic ofthep^cremenon of hcftt.thcn, Umotion* 

And iht !;twi of iis nfnimunic-iUon are preolsdy ilie same as iTir 
laws of ihe coEiimunicauan of motion.' 

Now, we see at a glance to what an immense extent 
the science had bL'en advanced in Davy's time. "VViien 
Davy was in a position to make Ihat statement, one 
hafl only to tal^c it in addition to the ^L-ccnd intcrpreta- 
liOTi of Newton's third law» ami the whole tlyaamical 
theory of heat was in his possession, Still, that publi- 
c&tioD of Uavy's rn \^12, like the earlier ones of Kuni' 
ford and of Davy himself, remained almost unnoticed — 
looked upon, pcrhap?^, as an ingenious guess^ or some- 
thing of th^tt soit, but as something whidi it was not 
worth the trouble of philosophers to consider; and It 
was not until Joules time, somewhere abojt 1S40, that 
the subject was fairly taken up, and that justice was 
rendered to their real value. Notice how distinctly 
tL^se two great leaders were men who based their work 
directly upon experiment There is no a priori guess* 
Sng, or anything of that kind, about either Rumford'a or 
Davy']& work. Thej' simply set to work to find out what 
hdt U. They did not speculate on what it might be. 
But both before and after their time, there have been 
numbers of jshilosophcrs who have, without trying; a 
ftinglc cxpcrimcntj or at best trying only the roughest 
forms of experiment, endeavoured to discover by <i 
pri^ reasoning what heat is. The list is a very long 
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one^and includes names such as Locke and Bacon, which 
are distinguished in very diiTetent subjects, as well as 
to some extent in physics. These both express their 
complete conviction that heat consists in a brisk agita- 
tion of the particles of matter ; but then, as this was 
based upon no experiment whatever^ it can simply be 
looked upon as a happy guess. In the present day 
when a philosopher comes forward and makes similar 
statements, without any experiment, we simply put 
him in the same category as Locke and Bacon, we 
justly refuse to give him any credit for a matter of that' 
kind. 

There was one man of this class, however, M, 
S^guin, a nephew of the celebrated Montgolfier, who 
all but redeemed himself from being so classified. 
S^guin himself says he got from hb uncle his idea that 
heat is certainly not matter, but corresponds to a 
certain kind of enei^y ; and he says that he had made 
various experiments with a steam-engine, in order to 
test whether the same quantity of heat reached the 
condenser as had left the boiler. He was, unfortunately, 
unsuccessful in all his experiments. He was certainly 
on the right track, and had he succeeded there he 
would have been entitled to be considered as an inde- 
pendent discoverer of the non-materiality of heat For 
it is obvious that if we can show by any experiment 
whatever that heat is put out of existence, or that fresh 
heat is brought into existence, either of these at once 
destroys all possibility of its being material. Now, if 
S^guin could have proved, by his actual measurements, 
that less heat in any case reaches the condenser than 
left the boiler, he would have completely settled the . 
question. From that point of view experiments have 
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bc^n m^Ci And made very carefully, by Him, in France 
Hirn has actually me^asured, in an ordinary working 
Stcam-cnginc, by most careful experimental methods, 
the quantity of heat wliich leaves the Ijoiler and the 
quantity which reaches the condenser. He h^s inea- 
suTcd also the quantity which is Io.it by radiation, con- 
duction, and currents of air over all parts of the machine, 
and he h^s found, as a fnal result, that when the engirtc 
is at work, as, for instance, wiieri a number of spindles 
arc being turned, there is a greater difTcrence between 
the quantity of heat which leaves the boiler and the 
quantity which reaches the condenser than when the 
steam is simply blown through the engine without 
doing any work. In the letter c;isc the greater part of 
it Teaches tlie nondenser; in the fL.irmer c^se there was 
IcM of it that reached the condenser — more of it, in 
fact was put out of existence, or, to speak more cor- 
rectly, more of it was converted into the work which 
the engine had done during the operation. 

Bol what I chiefly wish to impress upon you is that 
Siguin, although he went to work in a correct manner, 
rujOQcd from an utterly imi^ound baais- His rcason- 
b^ was of this kind, that when a body expands and 
thereby becomes colder, it loses heat, and that the heat 
ito lo^t is nccessanly the equivalent of the work done 
cLurin^ the expansion, 

Another of the speculators on the dynamical theory 
of heat, but who did not publish till three years 
ifter Si^uin, was Mayer, who io very many quarter? 
»lJll gets the credit of being the real author of the 
whole science of Energy, including Thcrmo-dynamlcs, 
MaycKs speculation was based on precisely the coii- 
Tme of that of S^guin, S^guin aaid the amount of 
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work done by an cxpaoding heated bod/ is ihc cqui- 
vdent of the heat which it Tosc9> Mayer satd the 
amount cf heat which is produced by compressing 
a gas or any other body is the cquivaleiil of the work 
spent in comprcs«iing it. You will see at once that these 
two stdtcmcntf arc precisely the 9ainc> only the one b 
the converse of the other, Jf the one be true tiie othef 
necessarily will be true also ; but both are -* prion 
aisiimptbns, and wc know now by experiment thai 
nrithcr of dicm is trut! undtr ^x\y rcali.sablc circum- 
stances whattrvcr ; though in certain cases they are ap- 
proximately true, tach of the two specitlotora, S^gulft 
and Mayer, tried to apply his hj-pothesis by calcubtioft 
to the firopertiesora particular substance. Seguin tried 
steam, because he was more familiar with >tcani ; 
Mayer tried air, because he had some physical data fof 
it. S^uin's calculations were very far wrontj on the 
one side of ihe truth \ Mayei^* were very far wrong on 
the other side of the truth; but Mayer's substance, 
namely, air, has been since proved by Joule to be 
capable of giving an almost exact result. Mayer by 
chance, tben^ in the middle of bis ^ prioH speculaljons^ 
lit upon a method— although he got it from a false 
principle— which Joule afterwards proved to be a good 
one, and used as one of" his modc5 of obtaining the 
value of the dynamical equivnlent of heat. Still we 
must give Mayer no credit for that, for althou^'h he laid 
down his law quite generally, afr was Che only Substance 
he had data for, and lie chose it on tJiat account- But 
even with this, his data were so bad that he got a result 
05 far from the truth as the one obtained by S^^tn. 
Only S^guin has this (jreat credit, to which Mayer Juu 
no claim, that, seeing that if heat be not niatler, some 
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of it must disappear in the working of an engine, he 
tried to measure the quantity of heat coming to the 
condenser, In order to show that it was Less than that 
which lefl the boiler. 

I find that I have now exhausted my time, and there- 
fore I shall merely mention that^ in my next lecture, I 
shall take up the history of the theory of energy, as it 
was developed by the sound methods of Colding and 
Joule in papers published about 1843 ; and I shall then 
endeavour, with the facilities which this room affords 
me, to illustrate my explanation by a few experiments. 
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LECTURE IIL 

ESTABLISHMENT OF THE CONSERVATION OF ENERGY. 

Further mqairy into the auoted claims of Uajer, Opinioia of Coldiog and 
Joule OD MaTcr's first paper, Colding'a ExperuncntS. Joule's ExpcH- 
mentK, Nmnencal value of the DynaioJcal Eqaivalent of Heat. Helm- 
hohi'a argiuDent from the Perpetual Motion. Tmufonnatlon and 
Dissipation of Energy. Illustiatlve eiperimeDls. 

Tn my last lecture I showed you in what state Newton 
left the grand question of conservation of energy, what 
an enormous step he took, and what was the sole great 
difficulty remaining in his way. Then I showed you 
how, in regard to the particular branch of it which we 
call the dynamical theory of heat, Rumford and Davy 
hadj at the very end of last century, almost completely 
settled the question that heat is not matter. A little 
was wanting in the work of each. Rumford wanted 
only one small chemical experiment in addition to his 
grand physical experiments. Davy wanted a little more 
conclusive reasoning than he showed at the time. Had 
one or other of these been furnished before the end of 
the last century, it would have been to the last century 
that we should have been indebted entirely for the 
dynamical theory of heat. It was not, however^ until 
l8i2 that Davy applied correct reasoning to his experi- 
ments, and obtained the correct deductions from them; 
and then he stated in a distinct form the important 
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propOMtions that heat I* molion, and that the laws of its 
communication are precisely the same as the laws of 
imunication of motion. Then I showed you that 
juin, ahhough he was altogether wrong m his d priori 
ulci, had a true ^ense of whal was reall/ wanted lo this 
question, and that he made a correct, but unhappily 
unsuccessful, experimental altctnpl to supply it. Then 
vtc came to Mayer, a man who has, especially of late', 
been persistently hckl up as the discoverer^ itot merely 
of the dynamical tlieory of beat, but of Uie whole svrb- 
jcct of conservation of energy. Of him, I may remark 
— bccaaac the question is one of importance — though 
at the present day we are hardly perhaps far enough 
advanced in time calmly and dispassion;itely lo consider 
the relative clainjs of these authors ; stitl, 1 UMiy remark 
that a great deal of the eulogy which has been bestowed 
upon Mayer is altogether undeserved, and that Joule 
has even yet received far too little credit for the enor- 
mous advances he made. In the first place, Mayer was 
ahogclher wrong in his d pnori idciu On tljat Sir 
WillUm Thomson and I made, in 1^62. the following 
rcniArk^, which no one has ventured directly to chal- 
lenge in the slightest particular ;— 

'Maycr'5 method is founded on the sup posUion thai dimmulJon 
of Ibc volume of a body implies an pvoluiion or generaiion of lieac; 
and it invalvca c^icntUlly a fitl^e analogy between the namrol fall 
of a bod)' to Ujc earth, artil thi^ c«ndcn»a(iL]n prnducc<il in an d^Mic 
fluid b^tbc 3.pp1ic3(?on of pxli^rnsi force. Thf!h}'pulL««J4 un which 
be thu9 f^round^ ^ dcfiAJtc nun^ztital estimate of die relation bc- 
tvrecn ihc a^i^ncics Itcie involved, is thai the hr^t cvoivi^d wbeit ^n 
dastie lluid la eompr«4ised i^nd kept cool, i% &impJy the dynamical 
equjv«Icnl of Ihe work employed in comprcssmc it. The cxperi- 
Brnial Invrstigaiicns uf ^ubapqiient n.iiumlj^s havp fthown that 
Ibis h}i>oihcsi£ i£ altogether falic for the gmciahty of J9uid$j espc- 
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cUlly liquids^ and U Al bcil cmV afifif*r*i'»iittt{y tnic for ait; 
whtTcAs M;]}ri'£ ^laLcmE^nE i imfjly it& indiscnmir^tf: xpplicarlod 
to iL] bodiL-s in nature, ULh£th«r ^h&«ous, Lcjuid, <.i solitL and £hov 
no rcasori fur cho<'ting air for ih? appliaiiJon oi ihc supposed prin- 
ciple- In cuktilation ; but thnl at ihe t\tae he wrcic, air w;i^ ihc only 
body for which the requisiie noDwtical dau were Icnovn with my 
ApproxintAiicin (o accuracy^ 

Tlicn, in ;iilditi*^ii to tlicw two ab-*<ii}1utc errors wbich 
Arc mcntionc^d in this passa^, I may call attention to 
the prcpoatcrou^ d prhH principles upon which he 
rc:tsons. There arc two of them ; the one is cauta 
aquas tffcttum, to which T hav<! never been able to attach 
any mcaaing, and the other ix^^AiVo nihil fit. Th«e 
may be a basig for scholastic disquishicns, sjich aa the 
celebrated old question of the number of angds that 
can simultaneously dance on the point of a nee<Ile, but 
they an? altogether unfit for iniroduction Jn any shapv 
whatever into physical reasoning. Then, a^n, M;iyc/a 
Work was altogether destitute of experiment Hcm^ 
ge^ts, no doubt, the carrying out, on a larger scale, an 
experiment which he says he tried, namely, shaking 
a little phial of water for a considerable time, to find 
it at the end of the time warmer than it was at the com- 
mencement : — merely, J may say in passing, a bad sub- 
stitute for a hint due to Rumford, tlial the ihurtting of 
water would be a good experimental method, I daresay 
mostofyou will see that j^irch an experiment as Mayer's, 
unless proper precautions were taken to prevent conduc- 
tion of heat from the hand to the bottle of water, would 
very probably have resulted in the heating of thtr water 
considerably, even without the shaking: so tliat, in 
order to prove that the heat was due to the shaking, 
we should have required at all events a ^statement 
on Mayer's pait of the precautions he liad taken to 
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prevent OQC kDown source of heat from aflectlng the 
water. 

Rut, m atfdition to \\\\%. Mayer did noT even believe 
that hcot is mol:on ; and this is perhaps the most won- 
derful comnieat that can be made upon tlic consistency 
of those who, while constantly speaking of heat as a 
* mode of motion,' call him Ihe discoverer of the 
modem theory of heat To efiect fliis tnust surely have 
involved (to use the vigoroirji and expres^ijvc language 
of one of the most prominent p&pularisers of acJcncc) 
the necessity of ' wrangling resolutely with the f^ctsl' 
Mayer himself says, in his very earliest paper, and he 
never afterwards to my knowledge modified this state- 
ment (t tran^Jdtc freely). * We might much tathcv dsaert 
the opposite, that motion, whether it be a simple one or a 
vibratory one — like light, like radiant heat, and so on — 
muit, in order to become heat, cease to be motion.' 
He actually says it must cmse tit be motivn in order Lo 
become heat I Then he makes another and a very 
curious statement, the absolute crroneouaness of which 
you will 3CC io the course of another lecture. He sayu, 
sneeringly : • Lei any one try to melt ice by pressure^ 
howev<.'r t-normous." I ^hall show you that, ;is a 
cociacqucnce of the second law of thcr mo-dynamics, 
the fneUing of ice by pressure was predicted before- 
hand, and wasverifed afterwards by actual experiment. 

It is lime, tlien, I say, that Mayer, even wJih our aa 
yfX imperfect means of judging, sliould be riinged, so 
fu^ as wc can, in his true |]lace. He has been injudi- 
ciously pnii^d, and he has been an unfortunate man, 
and therefore, of course, there will be an outcry a^inet 
laxy one w?io undertakes the necessary task of pointing 
out hla real demerits. However, there is no *uch thing 
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in scientific hisloiy a« the ar^um€nftrm ad mU€ric$r- 
diam. The bJamc. if any there be in such a mattcfi !> 
due to those who preposterously gave him ercdjt for 
what he did not do. The real menu of Mayer, how- 
ever, which are extremely great, but which are in 
dang*^r of hciiij; for^ottt"!! or ignored in consequence of 
the unwarrantable claims made for him, depend upon 
his having, after getting a true theory by false reason- 
ing frtsm inadequate and sometimes hudmissible pre- 
mises, reasoned rightly upon it, and developed it widely 
in 'tis applications. Language has luist all meaning, 
however, if this can be called a claim to cstablbhrnent 
of the theory itself. The fact is that in 1S39 Faraday, 
and in 1^41 Liebig, and aboLJt the same time otliere 
of the great philosopheis who have lately died, made 
close approachc:^ to the true theory by methods for 
mote sound than those of cither Mayer or S*^uin ; and 
yet, curiously enough, they have scarcely at aay haad 
got the slightest recognition. 

The true niodL-ru originatois and experinicntal de- 
monMrators of the conservation cf energy in its gener- 
ality were (undoubtedly Colding of Copenhagen and 
Joule of Manchester. It is interesting to see in what 
light these men regard Mayer and 4ome others of those 
who preceded them. I shall presently give you a quo* 
tatJo)» or two bearing on thai point. 

In the meantime I may say, with regard to Coldin^^ 
that he began by being mi^Uphysical, but saw at odc^ 
or very soon, tliat metaphysics was not the proper 
basis on which to found a search for physical facta. 
His metaphysics led him to form certain opinions, but 
before publishing one of them he set to work and 

^ Saa fah vary UiIc:iQLln^ letter, J*Aif. ^fti£^, Jaji. 1A64. 



THE CQNSBP.VATION OF ENERGY, 57 

Uborioualy brought iC to Uic test of fact. Joule, on Ehe 
other Itaiid, *eL*nis to have begim by expenincntrng 
Willi the view of dettrr mining certain physical coij^tants. 
He docs not tcU us whether he had any mctaptiysical 
Opinion about their relations or not. He set to work 
experimenting, and \\ was only after a great and varied 
scriersof his<^vpefirieiiU had been falJy carried out, and 
valuable results oblaincJ, that he began lo make cer- 
tain applications of metaphysical reasoning to the coo* 
ncctions which he had discovered* He did not apply 
metaphysics to discover anything, but to tr>' and 
co-orriinaie with nther things the discoveries he had 
already made. Colding s work is by Xko means so exten- 
sive as Jouk's. It 13 vcrj' nearly simultaneous with 
it, but it is neither so exact nor so cxtenrsivc. Still, 
although Colding is hardly to be compared with Joule, 
\w. nUnds enormoafily hi^di In comparison with any of 
the others who had experimented up to that time upon 
the cofiscrvatjon of energy, 1 will read you one or two 
extract:; from Colding^ and you will see from them how 
properly he went to work. He says : — 

' \\ WAi JJ3 dLogrdancc witi; Lhis Ide;i th^t I twenty years ago pre- 
CiTPtod 10 ihe Koya! Sodmy of Science here in Copenhagen, ^ irca- 
tiio >n wliicli I cHpt;im<!d my tdf:a Ih^it foicc is impL'ri&liabto and 
iDKnoftAl ; a^J. Lbcrcf^re, wliai aud whcr^^vcr force si^cms Lu v^mlsH 
in performing TP^rf at n mw^hanicnt^chemica.!, or Dthprwnrk, iJie force 
lbc!)t merely undtrgoiTG ^ tmn^formation and reappears in a new 
fcnn, but of ihe giteina] Amount u dn active force. 

*ln llieyear tSj.^ 'his idea, which compleirly consiiml^s the new 
priaciptc of The perpetuity of eneigy, wa^ diitinctly pveti by^ mf, 
Ubc idct iiftcif having been dear tJ my own itilnd i]i:aj'lv fi:>ur yczirs 
bHofV. U'lu-n it arose 31 oni^c in my miJid by siudying D'Aiandtrt^s 
tfit^r^SfJ anii immj/ui taxHiJ.tiiofs a/ ikg principie ef adivf and 
i^ri firsts i bill of course the new principle was not at ckai Lo mc 
frovn the beginning us it w:i^ wh«n 1 wrote my treatise tn 1S43.' 
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I may here parenthetically observe that Colding 
speaks of D'Alembert's celebrated and successful enun- 
ciation of a certain principle. This is nothing more or 
less than a particular case of that principle of Newton, 
which I gave you in a former lecture ; ^ so that you see 
Colding really got his idea su^ested to him by New- 
ton's work : — 

'According to the viewwMch led me to this principle, its future 
importance, in case it were really true, was p^ectly clear to mc 
from the first instant. But this made me very anxious not to pub- 
lish it as a new law of nature until I should be able to give experU 
mental proof of its truth ; and scientitic men to whom I explained 
my idea, and especially our celebrated professor, H, C. CErsted, 
agreed with me and advised me to be safe in this respect before I 
wrote ; and it was for this reason that I departed from my original 
intention of explaining it Co a meeting of Natural Philosophers held 
in Copenhagen in 1340. 

*In my first treatise^ of 1843, the dtle of which is '^Theses con- 
cerning Force " {NogU Sstninger om Krafterne), I therefore not 
only presented my idea to the Royal Society (of Copenhagen) as a 
thir^ that most likely would hereafter be found to be a general lanr 
of nature, but, after stating that the only trustworthy decision of 
Che question was to be got from the experimental investigation of 
nature itself, I \itxA on to call attention to several old experi- 
ments made previously to my time» the first of which was Dulong's 
celebrated discovery respecting the heat disengaged or absorbed 
during the compression or expansion of a great number of different 
airs and gases, and I then showed how perfectly these experi- 
ments proved the truth of the said principle for bodies of that 
kind.' 

Then he goes on to say that having established the 
proposition for elastic fluids, he proceeded to try ex- 
periments in conjunction with CErsted upon the com- 
pression of water; and that next he advanced, just as 

* P. 33- See Thomson and Tail's Natural Philosophy, % 264. 
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Joule did ;kbout the s^me time, to experiments upon 
the compmsicTi of solids. He abo says ; — 

*I ck><ed my discu^dfin by shoving that the <lis<:i]vefy of a 
^i-pttaum mvbiU would be po&aible il' my ptirtciplc was wroo^-' 

This shows that, to a certain extent at least, he had 
anticipated Hclmholt;, of whose great services to thia 
branch of science I shall presently apeak. 

The remarks he makes about Mayer de&crve to be 
quoted. He desires the republication, in an EnglUh 
journal, of his first paper,in order that it might be com-* 
pared, a* he says, with the paper of Mayci', which 
was most loudly vaunted in England at the time when 
hi£ letter was written : — 

' 1 ncccl at:arccty ^^j that such a comparison ^ould be of grcftt 
irLEt;r»l to c»e» as I l^Jleve it wnuld convince your rL'aJi::rs of tlic 
£iCt lh:it M' Mayer wEot? liis remarks in 1^?| before he w^s Able 
CO luppon them by i ^bglc CKpcrinient or by anything like a proof 
of iheirci^mes, whilitl Ehoughiit to be my duty, before I wrute, 
10 preyc that my auppoaUions conc^rciing tbe forces were confirmed 
by natutc itael^ a^ ^ Uw of naiuic,' 

Ht also says of Ills own csrpcriinental approximation 
to llic dyuamical equivalent of heat, that it is 

' vfiy r^ftr the proportion that M. M^ycr m 1842 s-appoud^ but 
m n&tfirfiy*t to be tiglit.' 

Joule** ri-marks^ upon tht^subject of Seguinand Mayer 

are alsu deserving of quotation ; — 

■ S^G^in gtvcs ^stXA frnm which the mcchsTiical eqoiv^krit of he*t 
Buy bo readily deduced on hj£ hypothesis, Lhc icsutl bdri[^ Loo 
gfeotm Coii&CT|uc;iic:g of llit llicriniil cffctt of lln; towiprt^isiuii of 
npovr bring undemintcd. Neither in Sifgi.im'5 writings of 1P39, 
ftor ka Hiycr*; paper of 1843, were there such proofs of the hypo- 
thc&it iiili^ncicd us yvci^ sutii<;ic:nl lo i^xtjac it tu be itditiklcJ into 
KiCTiC« ivithoul fLirrher inciuiry. I bdicve (hat tViL* eicperiment 

^i^ii. Mag., rSH II. p. ijt. 
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attributed 10 Cay-Lusaac was not referred to by Mayer prericnitly 
10 Lhc /cAf 1S45. M^ycr Ap^icars tu h^vc hutcned 10 pubUth Mw 
vlevre for the cit^prcss purpose of securing priority. He dj<l not 
wait until he hj*d the opporuiulyof mp[»rlin|f ihcm by f*cUi My 
course, on (he conUaiy, w!u* co imbliili only such Uttoric* ds I hud 
CstabJJthed by experiments c^kulaccd to commeiid tbcm to thesci- 
enlJ5c public, being well convinced of the ituth of Sir J. Hcrachd'ft 
rrm^rk^ (bAt '^ ti^l^ gL-iirmhs^liun i& lhc bane of sctcftce." ' 

To these it would be easy to add so^^ra^l even more 
IcUtng jiass^iges lo tlie *amc cfTcct- 

Haviijg said, this inudi witli regard to the relative 
merib of those mcrif and heaving &liown you that Joule 
is far the foremost, while L'oidirg is the only one who 
deserves mention in comparUon with him, so far as the 
pre^t-nt part of our subject is contzemcd, I proceed to give 
a raugh general statement ^f what Joule rcdiy did, and 
then you will 3cc what enormous advances he made 
within a few years from 184O- Joule, in 1840^ pubhshed 
his first paper, wUtdi was with reference to the heat 
produced by electric currents tinder various drcum- 
stances. lie was led by these cxperiinctits to sec that 
there im;st be some relation between the heat produced 
and the quantity of ztnc consumed in the battery- thus, 
as it were, etimfn^iing the mysterious agent, elcctricityj 
altogether from the final result The novelty and value 
of this idea can hardly now be realised by us. Then, 
ft^ain, Faraday's grand discovery of induced cuircnta 
fiuggested to Joule the measurement of tile amount of 
mechanical work we require to spend m order to pro- 
duce a given amount of eltcttic current, which in its 
turn shiiH be frittered down into a given amount of heat 
We shouM thereby have, as it were, not an immediate 
conversion of work into heat, as in the ease of fnctloii 
(which appears at least at first sight to give an imm^ 
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diatctraosformation from work into heat), but wc should 
hive a mediate transformation by induction of currents 
—we sTiould transform the work of driving (he mag- 
neto-electric macliiae mto the energy of so much 
ckctric current, and then let that again turn itself 
into heat You have first the work, then the electric 
currents, and finally the heat. Now, JoaJe seems to 
have observed that the samfi amount of heat was 
pntxluced from this amount of work, whether tlic 
work wa5 first employed in producing electricity, and 
then the electricity employed in producing heat, or 
whether the work waa simply spent directly in produc- 
ing heat by friction; and from that time he began to 
experiment, with tlie view of Jetenniaiiig exactly what 
is the mechanical equivalent of hcat» because he saw 
that unless it were certain^ experimentally, that in all 
Cfi of friction, where there is nothing but heat to show 
the work that has been spent — unless iherc could 
always be found tlic same amount of heat for the same 
amount of workf whatever were the bodies which were 
made to rub agamst each other — unless something of 
that kind could be established, it would be vain to seek 
for any such thing as cnnservation of energy, or even for 
tile much lower and in fact mere particular case of the 
equivalence between heat and work. If work and heat 
be ctiuivalcnt in any sense, and if you spend work 
wholly in producing heat, you must get always the same 
amount of heat for thL- same amount of work, whatever 
be the nature of tlie engine which you employ, I may 
panmtbctically remark (as it gives an inkling of what is 
to follou-) that it \& quite another question when you 
come to the conversion of heat into work \ when it comes 
to be a qucsiionof beginning with the heat, and convert- 
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ing that into worlc, the convcraJon cannot be wholly 
accomplished. Begin with worlc, .tnd you can convert it 
all into heat. Begin with heat, and you cannot convert 
it all ialo lAort The one case is perfectly definitr, and 
therefore Joule, reasoning upon it, virtually said ^-^^ If 
there be nothing but heat to 3how for a certain amount 
of work spent, Uien unle^ we always get. with every 
apparatus, the same amount of heat for tlie same amount 
of work, conservation carnot possibly hold,' H<? proved 
tlmt this cquivalcnccdocs subsist ;a]id hisdctcrmmatlon, 
finally published with all his latest improvements in 
iS^g.was 7?2 foot-pounds for a unit of heal ; that i* to 
say,a pnnnd of water which ha? faJJeny;? feet, and had 
the whole of the energy of its fall, or the whole excess of 
potential energy which it had before faliine. converted 
into heat, will simply be i deg. Fahr. hotter than it wad 
before it fell As I pointed out to you in my last lec- 
ture, Rumford's estimate was considerably above that; 
but it was confessedly only an eslimate, while Joule's 
was the final result of an extended and laborious scries 
of expcrinients. This leads us then to the statement 
of what \s called the First Law of TJurmC'DynamiCSt 
It may be put in very many form**, but 1 shall take the 
form which seems to be the mo.st effective. The first 
law of thcrmo-dynamics, then, really established by 
Davy and Kumford^ but altogether neglected and for- 
gotten, re -established by Joule and supplied by him 
with a definite numerical diJtum^ for the purpose of cal- 
culation, may be put in this form : — 

WAm e^ual ^i4<jntiCi€S of mcchanuat cfftct au prc- 
duced by any mtaiis whaicv^r, fr^n purely thtrmci 
smtrcss^ or lost in purely themml effects, thru tqud qusm- 
tiries of heat are put out of txistmee cr are generated: 
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andfcr fvffy vnU cf hmt mmsnnd by thf raising ef a 
pound 0/ nfj/cr 1 d^. FaA in tcmpernULrf^ yau hatie to 
expand //2 ft?^S-fii/nruU of wvrk. 

It ij possible that that last figure of the 772. which is 
for the latitude of Mcinchesler. may be wrong. The 
true number may be, for instance, Jjv^ or Jf2'^, or 
soniti-hiiig of thai kind, but ihcfc is little tlriiubl that 
Joule's dctdmi nation is at all cvcuts considerably within 
one per cent of the truth, it is partieuUrly noteworthy 
that in 1843. from the heat developed by the friction of 
water in narrow titbes, Joule had given 770 foot-pounda 
as the mechanical equivalent* 

In addition to all this, Joule gave an experimental 
cxtcnALon of the principle of conservation to other forma 
of energy J — that is to say, in addition to heat he enabled 
us to take current electricity, electro-m^netism, etc., 
Into the same category. In f:ict, even in 1S40, before 
be bad come to definite conclusions as Lo ihc generality 
of the principle of conservation, be had established ex- 
perimentally a grand series of parlicuUr cases of it ; and 
one of the most remarkable was this : — 

Wbfn any voltaic arrangement, whether stmpts or compound, 
pAtK* ft ejnxnt of cJcGlricity Ihroug^i M\y subatancr, vrhcltcr aa 
drcirotyCc or not, the loeal voltaic beat which is g^neiaK-d in any 
time, >* proportional to th# number of aloms which arc cledro- 
lyved in each cell of the c^rctiit, multiplied by chc virtual ii^icnsit 
of thr baticry." 

Therefore, even at that early time, his experiments (and 
bis reasoning was entirely based upon experiment) 
had led bicn to this conclusion, that whenever some* 
thing th;it was imponderable disappeared, and there 
^ fka. Afaj. 1&43, 11. 

■ /%it, iVv '^4^ I'm P<'7S- I^flper '«cvi before the Royal Society, 
Doecnbttr 17* *^^ 
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appeared some other imponderable which could have 
nc ether ong;in, then the quantity of the one was 
directly proportional lo the quantity of the other, and 
the ratio betwetn thcsr two had oaly to be deierinilied 
hy accurate measurement in order that you might 
know the mcchdnica! c<]uivalcnt of 50 much ctcctndty, 
or 30 much heat, or even of so much i,iac and sulphuric 
acid, or any other pair of chemical £ub9tanccs m a stat^ 
fit for chemical combination. 

Another most valuable experimenlal research oT 
Joule's bears on the question of the mechanical value 
^ LigJt!} He compared the heat evolved in the wJrc 
conducting a galvanic current, when the wi/e was ignited 
by the passage of the current, with that evolved when 
[with an equal current. suj>posi') il wa* kept cool by ini' 
mersion in water. These experiments showed a small, 
but unmistakcablc, diminution of the heal when light 
also was given out However, all that was necessary 
la(>rdcrto extend the pnndple of conservation to light 
was to show tliit light, tik? heatj elcclricity, and so on, 
IS a form of motion and rot a form of m^llcf ; in other 
ivord3, to establish what is called the undulatory theory 
instead of the corpuscular theoryn 

T may digress for a little to say a word or two as to 
how that wss done. Tt is one of the important advances 
ntade within the period to which my lectures chiefly 
refer,* It was established in France by Ficcau and 

' PhiL Mfi^. 1843, I-, p. 30J. 

• I BFft Bwftpp tf»M many eftcsllent inthoriUes oUribiU* the fetnbliahment 
of tb< untluloOiy llieoty To Vovme '""' Frtsnel^ — i4)i(if; Ihni inlfi^rence 
M in Ihf phcftomcn* of diffiaLlioii, ctt, bnJ, in ilidr liands, complpidy 
upwt llie oqjuacLxlaf [Iitoiyn Put, Jis n fai:t, somtf uf Xh^ more imtrf 
lUpriorrtrs of ihnt ihecry Imnliirling B1orf wctp nor convint^'^d b/ xYt^t 
ex|KrLmei]U, but weru led Id moke furtbvr raaJdrcraEiont ijf Uieir favountc 
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Foucanlt working originally by independent processes, 
but afterwards worldng together. The proposilior then 
to be decided upon is: Does light, as it conits to irs from 
tl;<: aua, fkJf insUiKC, consist in the tmnsferencc of par- 
ticles of soracUiing iLiiiiinifcrous ? Is it matter, in fact, 
wiiich 13 shot out from the sun } or is it a propagation 
of disturbance of some kind or ether which m:iy bo 
assimilated, for [iiirpnses of illustration, to wave- mot in n P 
la il, Jft shuil, a propagation of energy in sonic foi-m 
or otJicr, whether wave-motion or not, instead of a 
propagation of matter? Now, Newtoji and Huyghena 
had, long i^, eacH from his own point of view, assigned 
(be means of perfectly settling this question. Newton, 
in fact, had sho^n that if lij^lit he mall<;t, then, on 
beinj; refracted into a dense body, k will move more 
nearly in a direction perpendieular to the surface, 
provided it move faster in the dense body than in the 
rare one outside. That is to say, that, since we know 
that an oblique ray of light falling upon the surface of 
•K^lKx, for instance, which 15 denser than the air, is 
refracted morc nearly to the vertical. Newton had 
mathematically demonstrated that if hf^ht consUt of 
particles, it must move faster in water than in air, 
Huyghens, on the oilier liaiid, showed that if li^lit consist 
of wave-motion, and be refracted towards the vertical, 
aC the horizontal surface of a dense body such as water, 
then its velocity in ibc dense body must be less than its 
vdocTiy in the rate body. Thus there was a diatinc- 
lion of Uie most markLt! diarader bctWL^en the two 
theories. If therefore you can discover by cxi>enment 
wliether the velocity of light is greater or less in water 

Aanry, wtflt Ihert can bt Ifiile ilouM t\\^i (hey wouM ha'C flccepicd 
nM«n Mid FcoicaciIlV rnuJtc s« decitiVi* aga[n&E tJicm, 

£ 
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than in air, you settle for ever the question wbetbcr 
light consists in the propagation of mjttcr or in lite 
propagation of notion or energy. Now ihc cxpcrimenti 
separately made by Fiicau and Foocenlt boUi gave the 
result, that m wal^r iij^ht mtfVfs s^otivr i/taft in ait, and 
therefore it necessarily followed thai Jight ia a foitn 0/ 
energy. 

So far, then, wc liavc come to Ihc coniplett: pst;ilili-'ih- 
mcnt experimentally of the clasaificatji>n of tJic impon* 
derable? under the head of energy, and we have jirriv^d 
at a general notton of rclationfl of equivalence between 
them. The mere fact of conservation, of course, at once 
cstitbtUlLes that tlierc must be relations of equivalence. 
So much of the one is equivalent to so much of the 
other, provided you can ol^cct the conversion of the one 
into tile other, Of course It will always^ or at least for 
a very long time, remain an extremely difficult problem 
Iw mea-surc the equivalent of an amount of lighf. Still, 
It has been approximated to, and, among other proctfsOi 
in this ;vay ; Li^ht, when absorbed by an opaque bodyi 
is found to make the opaque body hotter. Here is an 
example of the principle of conservation. The ener^ 
of the light IS not destfoyed, but its vibr^ilory motion 
cannot pass through tins opaque body as li^lit It is 
employed in agitating the particles of the opaque bodyi 
and that body becomes hotter in consequence. Wc cao 
measure, then, the quantity of light in terms of the heat 
which it produces, or to ^v.hich it is equivalent, and thcO 
we can measure that quantity of heat in terms of 
mechanical work, 3o that, as Sir William Tliomson diil 
many years at^o, shortJy after Joule's discoveries appeared 
in print, we can calculate what he calls the mechanical 
value of a cubic mile of sunlight ; we can calculate how 
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any fool-pourdsof work ar^ equivalent to the*iunlfght 
htch a cubic mile of the earth's attnoaphere filled with 
sunlight has in consequence of that luminous 
which is passing through it at the instant. 

Before I leave for the moment the subject of the con- 
ion of fu^rg)'. I must speak of one a<.E(lit]onal 
in conncclicii with itsdiscoveiyand early dcvclop- 
icnt, that of Hclmholtz, the great phyaiologist of Berlin, 
ho has now, at least nominally, ceased to be a physio- 
jgUt, but who remains one of the foremost of living 
UUhcmaticians and natural philosuphei^. One of his 
wly works was published in 1847, shcitly after Joule 
nd Coldtng had published their discoveries- It seems, 
iwc%"cr, that he was barely acquainted with the work of 

Lher, but hAd aet to work himself, from a mathematJcAl 
oint of view, to settle the principle of conservation of 
RCTcy, In fact, ihc Gci man lillc Lif his book is precisely 
i equivalent to our English phiase * conservation of 
iKTjy/ He based th€ principle upon one or other of 
wo propoflioons, and it is interesting in the hij^hest 
cgree to con^iider what these proposdions are, and to 
EC how a man who was fully acqualntt^d with the whole 
ixsojt of the time looked at a subject of this soil, and 
omtcd out in what direction experiment ought to be 
umed in order to verify the conelusiona of theor>'. He 
Vf%, in effect, that if yon Take Newton's principle — the 

rindplcyouhavcalrc;tdy he^rd [p, 33] — and if you com- 
linc it with one or otbei of the two following postulates> 

Du wili establish completely the conservation of enei^y. 
The first postulate is^ Let ug suppose matter to con- 
iwlof ultimate particles which evert on each o( her forces 
►feose directions arc those of the line^ joining each pair 
^paitidcs, and whose amounts depend simply oa the 
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distances between the partfcles. Suppose, \n fact, that 
aomrtliing Aimibt tf> gravitation -force exists amcingst all 

the particles of matter in tlic universe, thatc^ich particle 
aitractJj every other particle with a force which d<-pcnd5 
only upoa the dUtance between ihtm, not in any way 
upon \\\v. sidfs which art* tiintcd lo ont: another, so lh;*t if 
yiju know the di.statjcc btlw(?L"ii tlicni you kttow the 
amount of the attraction,nnd that the attraction shall alS9 
be (in accordance with Newton's third law of motion) in 
the direction of the line joining them. If you make 
that assumption, then it is a mere can!ie<|uence of the 
ordinary laws cjf motion ofKross mailer that, if all form* 
of energy depend upon motion or poaition of stjch par* 
tic[c3, the conservation of energy must hold, and abo 
that the Eo-called perpetual motion would be impossible 
under any circurastaiict-s. 

A 4 an ahcfnative^ Helmholtz shows that wcmsy take 
as our postulate this consequence of tijc first postulate 
Take the imposaibihty of the so^iillcd perpetual motion 
as a postulate, and take along with that Newton's grand 
statement of hii second Interpretation of the third law 
of motion, these two together would, by lJ»em?;dvcs. 
enable you to prove the principle of conservation of 
energy. Now it had for many years back been an 
accepted matter among men of science (as typiBcd by 
the long-sliiee announced detorniinatJon of the French 
Academy to ccjusidcr as not havin^remAcd if, any papcf 
whatever upon the perpetual motion). It had be«i 
accepted by men of science, 1 say, almost universally 
that experiment had conclusively demonstrated the 
perpetual motion to be impossible. So Helmholti, by 
showing that ffyou simply begin wiLh that c^xpenmcnt;!! 
fdcL. diid take in addition to it Newton's st&temcnt. 
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you can establish the conservutJon of «fici^. luid 
mad<;, independently of Joule and Coldin|^» a dis- 
covery of this great principle for hinueU. You will 
notice that he did, almost as distinctly as either Jou.!* 
or Colding, insist upon the necessity of experiment for 
the ci^lablislrnitrJit of such a principle, but he brought in 
his experiment in the form o! an universally accepted 
result of the experiments of others, ramciyj the im- 
posiibitity of the perpetual motion, while they preferred 
to make perhaps more direct experiments for themselves. 

E shall have occasikjti tij say a word or two luifi^ about 
tHc so-called perpetual motion, bci^ause it hiis really 
been for natur.il philosophy — and it remains even to 
this A^Y — as important in its influences, especially in 
aiding us to simple proofs of important theorems, as, for 
Instance, the notion of alchemy Ims been iti chemistry. 
Wc alJ know that if there had not been a pursuit after 
the philosopher's stone, chemistry could not yet have 
been anythinj; like the j;:iganlic science it now is. In 
the «Tne w.iy, wt can say that niLidLTn physics could 
nut yet have covered the ground it now occupies had 
it not been for ihia experimental seeking for Ihc so- 
called perpetual motion, arid the consequent establish* 
Toent of a definite and scientifically useful negative. 

We notice, ihen, as a deduction from what 1 have just 
txpUincd dbout the woik of tbe^e three hidcfjcndail di,^ 
covcrcrs of conservation of energy, that all physical phe- 
nomena are necessarily' transformations of encr^ ofsoirc 
WiwJ or other; and we may carr^' our deduction so far a* 
to say that even thai mysterious thing, whatever it m^iy 
be, the life of plants and animals, Is, so far as it i^ 
physical, entirely an exhibition of tran3form,itions of 
encrg>\ There arc things connected even with hfc 
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vrhlch may not be purely physical. There are other 
Ihiiigs a&'GOcifUcd with living beings ift-hidi, of course* no 
one in Ina senses can regard as physical. Even sudi 
things as Co^tscit^usicfs and Vi^Iirii^H we have o^^so 
lutcly no reason, however vague, for ctassifying, €V«n in 
thL* sn;illf*.l (Jegrec, undt-r ihc licad of physics. But 
evcrytliint; which is really ph>iical in life — ;iiid we an: 
beginning: to find many thinga that arc ao— is merely 
an example of some form of transformation of energy. 

Having said so mueh, it will be obvious to you that 
our proper course now will be to consider th« principle 
of transformations, and then inquire in what direction we 
must seek far more light. Wc ahalt find that the ques- 
tion which is suggested by all thcae tentative expert* 
meiits is. What is the law of transformation of <xx^t^i 
From a t*ivcn <pianilly of a given l^inJ of crner^, bow 
much of anuthcr assigned kind of energy caji be pro- 
duced by a given process.^ 

This question breaks up into two. The fir^t is, 
How much of a given kind of energy can be Irans- 
forined into some other given kind ? And then there 
is a second question : When you have got so much of 
it transformed, to how much of the other kind nvill it 
correspond? That is the question of equivalence agaiC- 
] have already discussed that, so I confine myself tiov 
to the first qiif^tiun. The firsi qiicslion fully stated 
is : Given a certain quantity of energy in ore form and 
under given conditions, how much of it can you, by 
means of a given kind of apparatus, convert into some 
other definitely assigned form, the rest being cither 
11 n transformed, or transformed in whole or in part into 
some third form.* Now, you will see at a glance that 
there is something ver>' important under this. Just tJlink 




for a moment of the enormous amount of waste which 
is known to t;iVe place in •in ordinary steam-engirc. 
In the very bf-^t engine, even if tl were ihcoreLically per- 
fect, and worlcing at ordinary ranges of temperature, it 
has been satbfactorxly demonstrated that only some- 
where about onc-Toufth — very rarely so much as lliat, 
but at the best about one-fourth — of the heat which is 
actually cmjjloyed is converted into work ; ihat is lo say, 
three- fourths of the coals, or three-fourths of the licat 
employed, ate absolutely wasted under the most favour- 
able circumEtanccs. Now, whnt is it that determines 
thii ? Why is it that if I have a quantity of ^^'ork or 
potrntial encrrgy I can convert the whole of it, if I 
plea-%e, into heat ; but wlien 1 have got it converted into 
heat, i cannot convert the heat back again, except in 
part, into the higher form of work or potential enet^' ? 
The answer is included entirely in that word ' higher^ 
which I have just u^eii When yuu are conveiling energy 
from the high form into the low, you c-eIh cnrry out 
the proee^i m its entirety, but when it coniea to be a 
<|uest)on of the reversal — K^ing up hill as it were — then 
it b only a fraction, in general (even under the most 
fAVOUiiible circumstances) only a small ff;iclitni, of the 
loiver kind of energy whicli can be raised up sgdin into 
the hiRbcr form. All the rest ainlts down still lower in 
the process. When you have got it low already, and 
when you are to elevate part of It and transform it into 
a higlwr order, you niiiat inevilably hIiII further degrade 
A lari^c part of it; In general tJie larger part of it. 
This, fts wc £haLl And later, is one of the most impor- 
tant scientific discoveries ever made: havin^^ mofit 
stupendous bearing on the future of the wht>le visible 
Universe 
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1 shall conclude this lecture by showing some 
examples of conservation of energy with the apparatus 
before me. I shall necessarily at the same time give 
some illustrations of transformation of energy, inde- 
pendent altogether of the particular physical experi- 
ments which are employed for the purpose. I am 
merely giving you these experiments as illustrating 
transformation of energy, and perhaps, in addition, 
conservation and dissipation of energy, so that we 
are not concerning ourselves with what is the branch 
of physical science to which any particular experiments 
belong, but simply with how far the experimental results 
help to illustrate the transformation. 

Take, then, first of all, the simplest form — the case of 
an ordinary pendulum. When the pendulum is vibrating^ 
there is constantly going on transformation of enei^y of 
the very simplest kind — transformation from the potential 
form which I give it by drawing it aside {and therefore 
lifting it), and which it gradually loses as it falls back, 
getting more and more kinetic energy instead, until at 
the middle of its course, when it is moving fastest, it 
has its greatest amount of kinetic energy, having lost 
for an instant all its potential energy. Then it gra- 
dually loses the kinetic enei^ as it is climbing up 
again, and regaining potential energy, then it is all 
potential, then it becomes kinetic again, and so on. Of 
course, if there were no air to resist it, and if the stand 
itself were absolutely rigid, and the cord supporting the 
mass absolutely flexible and inextensible, this process 
would go on absolutely for ever. It would be per- 
petual motion, but it would not be the perpetual motion. 
Remember the distinction there. Perpetual motion is 
simply a statement of Newton's first law of motion. 
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All motion 15 perpetual until force iiitcricria to alter or 
modtfy it. But thb is not //^ perpetual molion, because, 
although iinder the favourablt: circumstances J spol<c cf 
juit now, the pendulum would remain for ever moving 
with the same quantity of ent^i-gy it has at present, yet 
it could not help you to drive niacbinecy, except rit the 
expense of that energy. It cannot drive anything- else 
without losing part of its own energy, and when that 
oceurii, the case does not come under the head of what 
is called the perpetual motion, allhnugh, when there is 
no dniin upun it, it nvAy be a perpetual motion. 

Now, as we know by cxpt:ncnce that this vibration 
will not go on for ever, let us confitdtr why it is that its 
energy is gradually being lost. What becomes- and, 
according to the principle of ennservation of energyj we 
ought to be able to trace it — what becomes of all llie 
energy 1 £^vc it at first? Well, we see in a short 
time thiit it is communicating motion to the air around 
Lt ; every time that it vibrates backwards and forwards 
it ncndv alternately a wave of compression and one of 
dflatation through the air of the rtiom. These waves do 
not sufEcicnlly rapidly succeed one another to pruducc 
nn imprc^Siion upon out sense of hearings but they arc 
sufficient to agitate the air of the room. They are pro- 
pagated throitijh the air of the room with the velocity of 
Wfund, and they arc gnidually frittered \ynwv[ into heat 
becau-sc air ia not a perfect gas. Jlccausc llicn there 1:1 
something producing cficcts akin to those of friction 
amongst \Xs parlidei^, these waves are gradually rubbed 
down mio heat, and if we had a sufficient number 
of such pendulums _set into vibration to begin with, 
2nd all efficiently resisted by the air, we should be able 
to warm the air of the room, no doubt to an extremely 
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small extent, but still so that the quantity of heat 
produced should be precisely equivalent to the quantity 
of energy which you had communicated to the pen- 
dulums at starting. But then this suggests another 
question. At present the pendulum, hanging at rest, 
has no potential enei^» that is, if the string cannot be 
cut. It has at present potential energy if you can cut 
the string, because it will drop on the table, or at least 
it win have the power of falling- But suppose the 
string is absolutely inextensible, and cannot be cut, then 
we must consider it in this position as having no poten- 
tial energy at all, because it cannot get down any lower 
than it is at present. How Is it, then, that I can give it 
cnet^ ; because if there be conservation of enei^, and 
if we so put it that it has none to begin with, and it gets 
some, there must be some other energy spent in com- 
municating it Now, that leads us to the grand con- 
sideration of the source of animal energy, because, by 
pressing the pendulum with my hand, and thus elevat- 
ing it, I must have done work» for \ have exerted a 
pressure through a certain space. Work has been done, 
and therefore something has been expended in my body 
for the purpose of producing it. This raises the ques- 
tion of how the animal supplies the work; and the 
further one, in what form does the animal get the work 
supplied to it, which it is constantly giving out even 
when in repose ? Of course you can at once see that it 
must be in some way or other connected with food. 
That, then, will lead us, in another lecture, back to the 
consideration of whence the food derives its energy, and 
so on in succession. So you see that even so simple an 
experiment as setting this pendulum in vibration leads 
us to a train of consequences, both back and forward. 
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ift reasoning, which might wdl occupy us for a whole 
sencfi of lectures. Nothing \s better calculated to show 
at orce the profandtly of Nature's secrc^ts, and Ihe firm 
grasp we have itii-eady taken of some of tticiii» than an 
example lilce thia^^o aimpic and yet so complex. 

Instead of taking Che case where Uie motion of the 
air is not capable of being perceived by the ear, let us 
take a case in whicli we use a specUl (nslnmien! for the 
purpose of communiciting vibrations to the air in such 
a form thai the car can seize them. If I were lo take 
this tuning-fork and stnke it against the table, or start 
it in any of the ordinary ways, and it were not provided 
with tbi* sounding- board, the ariount of surface which 
it presents to the air is 50 slight tliat the anioiiril of 
energy which it would spend in a given time in the form 
of sound would be exceedingly small; and therefore 
the sound would be hardly audible at any considerable 
iHsAAmitu Rut when we furnish it with a icsonant 
cavity, as It is called, such as this, every part of which 
u set in vibration by the motion of the fork in exactly 
the sime period as the fork ; and when, moreover, the 
dimeniiions of tliis cavlt^r containing air are exactly 
adjuKtedr so that when it is set in vibration, it temis to 
vibrate tn e:(actl/ the same time as the fork, then we 
have (fot a sensitive apparatus which enables us» aa it 
wtre, to lay hold of the air, and to dissipate or spend at 
ft VCfy great rate the energy which we give Co the fork. 
The pciidulLiin lierc §pcnds it at a very slow rjite, but in 
this fork wc have applied our knowledge of physics 
M> to coostnict an apparatus as to make it spend its 
energy or communicate it to the air as rapidly as pos- 
sibJc- We have It nnw in the form of soitnd afieccing 
our ears, but you will notice that the sound gradually 
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dies away. The vibrations of the tuning-fork die away 
far faster than those of the pendulum, because if you 
will give out the enei^y at a great rate, the original 
stock can last only for a short time. The greater the 
rate at which you give it out, the shorter the time for 
which it will last. But there Is another cause in this 
case for the very speedy cessation of the sound. The 
greater part of the energy which I gave to the tuning- 
fork by muscular work done in forcing these prongs 
asunder for a moment, the greater part of that energy 
is spent in heating the body of the fork itself. Steel— 
however startling this may appear to some of you — is 
exceedingly imperfect in its elasticity. When a steel 
bar, such as this, is rapidly changing its form, there is 
an enormous amount of internal friction, and thus is 
consumed a great part of the enei^ which is given to 
it, so that only a part of the ener^ originally communi- 
cated is given back in the form of sounds even with the 
help of the resonant cavity. 

To take another instance. I have got a galvanic 
battery under the table, and it is connected with a 
certain electrical apparatus. Now^ whenever I allow 
the electric current to pass through this apparatus, 
there is for the moment a certain quantity of zinc con- 
sumed, or, as we may put it, a certain quantity of 
potential energy in the battery has been converted into 
the kinetic energy of a current of electricity. That 
current of electricity passes round some yards of copper 
wire, coiled round a bar of iron or a number of fine 
iron wires which are standing vertically inside this 
apparatus. The moment the current passes^ these iron 
wires are converted into magnets, but, in consequence 
of the conservation of energy, while this is going on 
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they weaken the ciirrent. The current of electricity 
becomes weaker m the act of making the magnet, 
but the Tnoment the magner spring into existence it 
agaia is weakened^ because, fiom the necessities xji 
lis position, it3 mere coming into existence necessitates 
the passage of a new current of electricity in another 
coil of wire which surrounds this eKtcri^ally. So that 
here are a number of transformations: First, we have 
a ecrldin amount of /inc tiJssolveci, i.t\ a certain amuniit 
of potential energy lost ; then a certain current of 
electricity produced in consequence ; then that current 
of electricity weakened by producing magnctiaoi in 
certain iron wires; tUen the magnetism of these iron 
wires re-acted upon to product; a new cuntnt in 
another set of wires i and finally, we can use that 
induced current, as it is called, to produce heat, or light, 
or sound- Let us try it, for instance^ in such a form as to 
producr heat. Every lime you hear that click [of the 
contact-breaker], a fresh amount of zinc has bet!ii dis- 
solved, and ift consequence that scries of transformd- 
tioild 1 have just descnbcd has taken place. Vou will 
notice that the ^inc is burning, though without almost 
any development of heat, in the battery, but we can 
have the fire wherever wc please. We have no heat, at 
Iea5t DotJtJiig to speak of, in the battery. The heat that 
would be produced by the ciiagolving of the 2jnc is not 
developed infiide the battery at all ; — if we had a couple 
of Atlantic cables here, betweeti the battery and this 
apparatus, we should be able to produce it at a dJalance 
of 3000 milci from the place where the fire burned. Jn 
order to show that heat is produced larj^eiy in such a 
ca»e as this, my assistant will hold a piece of paper 
between the poks. You will notice that the burning of 
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the zinc is below the table, but it might have taken 
place 3000 miles off if we had had good enough con- 
ductors. There you see it has at once produced a 
development of heat sufficient to inflame the paper. 
Now, I may easily alter this in a strikii^ Tnanner* 
Use the same amount of zinc as beforcj or as nearly as 
possible the same amount of zinc, but instead of the spark 
being a quiet one, make it noisy and luminous, as you 
see is easily done by attaching the coatings of a Leyden 
jar to the ends of the secondary coil. Then we shall 
find that it is not so hot as before (at least so far as the 
paper test can inform us). Of course it could not be 
expected to be so hot, because, if conservation of energy 
be there, and if there is a certain quantity only of energy 
that the spark can have, and if it be made to spend the 
greater part of that energy as sound and light, you 
cannot expect it to have as much heat as before. You 
see it now immensely brighter than before, and accom- 
panied by a sharp crack, but we might go on with 
the experiment indefinitely, and never set the paper 
on fire. 

This is a very excellent instance of multifold trans- 
formations, and furnishes also, as you have seen, a rough 
illustration of conservation. 
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TRANSFORMATION OF ENERCV. 

a riHlv.tnJc niTTPnt— Elcctri^-iTiiiincTn: llinpjip— RpiniLinj DJsiv-MneTKln- 
cL^clric McLfhlntf— InduclTiDi-lJol) and Gcisslcr Tufcc— Mij:fipr tinrt TJ^w^^ 
FOnu& cf Ktt'rgy. Wor't triiijitocnicd wholl/ imo Heat— Only a printnn 
rrf lilr HraT cin hr nmonvRrlrri inrn Wf>rl(. C-Hmnl i L'jck of Upemticn* 
juid hUi RtwiTfitilr Cyclp. Kffect of pnuaiiie upon Icf . 

In my la^l lecture I showed you how, mainly by 
Joule's grand experiments, it had been condnaively 
detnonUr^ted that conservation holds for evt-ry form of 
cnt-rgj', and therefore ihat al! physical phenomena con- 
sist in mere transformations of cncr^. There cannot 
be it. destruction or creation oC energy. All that we 
can have is 3 modification or transformation of it ; and 
Oiwefore we must to-day consider more fully tlie laws 
ofncli Imasfornidtioji- f shall bc^a tl)c consideration 
cf tJicm by taking one or two cxpcrimcnt^p and point- 
ing cut in each ol them the various forms in which the 
energy appears, — how it was first introduced into the 
tppafattis,nndcrwhfttsinxe5sive forms it pawed through 
Ibe vdiioii^ P^^^ ^' ^1>^ apparatus, and in what final 
ferms it was thrown out 

Oalvatiic liatUry ^ith simit copper icrminafs, — The 
^rnt and simplest experiment of this kind is the pro- 
<i\jctinn of brat dirrrrly hy chemical combination. As 
^ ill or most of the experiments I am about to show. 
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I intend to b^in with a galvanic battery, I may say a 
word or two as to the fonn in which its enei^ appears. 
The energy in the batteiy consists mainJy in the fact 
that we have zinc which is capable of being burned, 
as it were, by being dissolved in dilute sulphuric acid. 
Now, if we were to bum the zinc, as can easily be done 
by simply allowing it to dissolve (that is, by not taking 
the precautions we have here taken against its dissolv' 
ing without permission in the sulphuric acid), we should, 
simply in consequence of the potential enet^ which is 
lost by the zinc and the acid when they combine, have 
a certain amount of heat generated by their combina- 
tion, and this would be developed in the cell of the 
battery. But instead of permitting this, we can cause 
the combination to take place without almost any 
development of heat We can have practically all of 
it in the form of some other manifestation of ene^jy. 
We can have it in the form, for instance, of current elec- 
tricity ; and we can employ the kinetic enei^ of that 
current for the purpose of producing various other fonns 
of energy by suitable transformations. In consequence 
of the amalgamation of the zinc, and the other precau- 
tions taken in the cells of the battery, very little com- 
bination goes on in this battery until the circuit is 
closed, as it is called ; but as soon as we close the 
circuit, by joining together the terminal wires, a current 
of electricity passes, A current of electricity is now 
passing through the circuit, and chemical action (both 
decomposition and combination) is going on to exactly 
the same extent in every one of the cells. But the 
chemical action now going on is attended with the 
development of a large quantity of heat in the cells, 
almost precisely the same amount of heat as would have 
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been developed if we haJ dissolved the ftame quantity 
pf Kinc in tiie sulphuric add without any prodiiction of 
electricity at all ; ihc reason being that ibc conducting 
power of thia wire which I have for the moment used to 
clo-se or complete the circuit is so greal thai the smaU 
resistance it offers to the electricity scarcely fritters any of 
Ihe electricity ilowu iiitr> heat. Tim lii^at which is equi- 
valent to what would be produced by the direct buni- 
hig of the t\x\c, 13 all or almost all produced in the cells 
themselves^ because it is in thun thai the current suffers 
resistance. But if I interpose in the path of the elec- 
tricity an imperfect ctjrductor, whidi shall resist a great 
deal more than the copper wire* or even than the cells 
tbc^msclvcs (33 I do by inserting in the circuit a long 
fine iron wire), then you notice that we get the heat (which 
% really due to the chemical action taking place in the 
Kil«)^ — we jfel that heal produced in anutlier locality 
iltogcthcr, and wc could have transferred that locality 
13 far away aa wc pleased, if wc had simply made our 
:oppcr wires thick enough and \oxig enoupli. By simply 
making them thick enough, so as to waste as little as 
novsible of tlit kinetic energy of the current electricity, 
fey friction on the way, wc should have kept it all or 
Riorly all for the purpose of devdopinf^ as far as wc 
»I«i*e from ihe battery the heat really due to the com- 
ustion there. 

VottaTKfUr introduced tti tircitiL — Instead of using 
he current electricity f*>r the purpose of producing 
bett, let U3 endeavour to ascend again from the kinetic 
tncfgy of the carr«nt to potential energy of combus- 
LEbh:^ Remember that it was the chemical potential 
Cncrg)" of combustibles which wc had in the batteiy to 
Wgin with. Dy allowing the ainc to dissolve, we got 

K 
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our current electricity, and now we shall use that cur- 
rent for pulling asunder two substances in chemical 
combination. We shall use it simply for the purpose 
of decomposing water. By causing the current to pass 
through a vessel of water, you notice that we cause 
bubbles of gas in large quantities to ascend from the 
ends of the conducting wires ; and we have the kinetic 
energy of the current spent entirely, or almost entirely, 
in pulling asunder, against their chemical attraction, the 
particles of oxygen and hydrogen which form the water. 
Vou see that a quantity of the water is being decom- 
posed, for you see how the gas is bubbling up through 
the water from the end of this collecting tube. Now, 
supposing there to have been no loss during the opera- 
tion — no frittering down of the electricity into heat — 
but that the whole energy of the electric current has 
been spent in decomposing the water, then the potential 
energy of the separated oxygen and hydrogen which I 
collect in this way should be precisely equivalent to the 
amount of potential energy which was consumed in the 
battery, or rather was there transformed into the enei^ 
of the current. In order to show (with as little risk as 
possible) that there is a large amount of potential energy 
in these mixed gases, all we have to do is to employ 
them to produce froth in the form of a multitude of 
small soap-bubbles blown with the mixture. By apply- 
ing a lighted match, we shall be able to produce from the 
potential energy of the mixed gases a violent explosion, 
which of course represents a certain amount of energy. 
That explosion gives you light, heat, and a very loud 
sound. The sum of all these energies taken together, 
provided nothing has been lost during the process — 
that nothing has been frittered away {by breakage of 
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t!;c mortar, for instance) — will represent precisely the 
amount of energy corresponding to the amount of zinc 
which has been dissolved durin^^ the operation. You 
notice that here we have now in another form — and 3 
form which aiTects the air more than any of the other 
forms rf energy wc havt u-scd — the energy which ought 
to Imvc been developed in the form of heat by the 
combustion of the sine, but was not, because wc liad 
electricity in the place of it ; then, in ^\2.c^ of that elec- 
tricity, we had work done in overcoming the* chemicaj 
attraction of oxygen for bydiogen ;. then we li;id the 
mixed ga5c3> which as soon as wc pulled tlie tri^cr. as 
it were, by applying tJic lighted match, gave us back 
our energy in another kinetic form, or as a mixture of 
several kinetic forms, 

FJittTiy^ttagntiicEngifis. — Vou had here current elec- 
liiclty produced directly by the battery, and employed 
for the piirposc of producing potential energy, by separ- 
ating the particles of a chemical compound. But wc 
can produce potential energy by the help of a battery 
by another and somewhat simpli?r method. Suppose 
WC employ the current x)f electricity produced by the 
lunc battery, for the purpose of setting an electro-mag- 
cnpne at work. (We are rot at present concerned 
t'le detail* of construction of the engine,) For this 
iTptMe wc do not (at leaj*! with th*^ engine before you) 
tctivirc anything like so powerful a battery as we used 
fcf die rapid decomposition of water 1 wo, or at most 
^l^rce cells, will be sufficient for our present purpose. 
Vc*i notice that the current is now producing motion of 
madiinrry, and has aclually raised a wefg!it — not by 
*ny means a great one, but still the fact remains that a 
^*^n n\a^ has been raised agaiiist the earth's attrac- 
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tion to 3 ccrt;tin height above its surface \ ;ind you can 
ra^tt/ src ihiit, if tlic experiment succeeds through a 
&pace of three or four feet, as it lia^ now done. It woufd 
G<iua]Iy succeed (if wc kept the engine working long 
enough) in enabling tis to raise the weight, by proper 
iTiechamca! adjustments, to any height whatever. Now, 
let us consider what Iransformation of energy took place 
as the current of electricity passed round these electro^ 
in«^nets, being shunted now into one of Ihcm and thcfl 
off it and into the next ; into each when it* becoming a 
magnet wili aid the desired effect ; off it when it would 
tend to hinder ll. This is a mere detail of mechanical 
arrangement, and is effected by different combination* 
of machinciy in difTercnt electro- magnetic engines. But 
wc are not concerned with details of machinery; we 
confine ourselves to the transform a lie us of encr^ 
which are going on during ihe working of the rngfnt 
But from this point of view what talccs place here' 
The energy of the current is to a certain extent cofl- 
verted into the raising of weights ; that is to say, poten- 
tial energy is ptoduced in place of the kinetic energy 
which was supplied fmni the b-iittery ; hut if the currcal 
not only driven this machinery but keeps it doing work, 
then there would not be conservation of energy unlets 
the current itself were kept at a reduced strength, at 
least while it i* In the act of doing work. Now^ that i* 
what is found to take pUcc. !t is found tliat while llie 
engine ia working, the current U considerably feebler 
than it Is if wc were simply to stop the engine, an<^ 
allow the current to pass without doing any work, Thi* 
is quite analogous to the case T pointed out to you in 
a former lecture. \\Tien z. given (jiianlity of ste:im W 
blown through tlic engine fiom the boiler into the con- 
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denser without doing any work, wc find that the quan- 
tity of heat wliich goes into the condenser is lai^er than 
the quantity of heat which gnes into it while the engine 
is doing work. In precisely the same way, then, while 
the current of electricity is employed in actually lifting 
a weit^ht, or in driving an electromagnetic engine, the 
cu Trent which is passing along the wire is feebler thnn 
before, and corrcsjjonds, according tr> a great dijicovery 
of Faraday's, to a Uss amount of diemicfll combination 
(that is, a less rapid consumption of zinc) in the battery. 
The battery has really less hard work, while driving this 
electro- magnetic engine, than it would have if we wexe 
simply to stop the engine and allow the current to pas^? 
and develop heat in the conducting wires and cells. It 
mu&t do something. The current of electricity aUvays 
fritters itself down into heat in time, unless you utilise 
it and change it into a form of energy more useful than 
hear. But what we find is this, that, though there mu« 
of course always be a current passing : — or else these 
iron horsc-shocs would not successively become electro 
magiicts — the current is very much weaker when the 
engine \s. doing work than when It is not. And it is also 
found that the weakcrr the current becomes ^thc more 
the current is checked by rcllcx action, as it were, — by 
the resistance Jt meets with in doing work), the greater 
is the percentage of the amount of energy real Jy spent in 
the battery which is finally converted into useful work, 
Hiufi, in order tti get an eleciro-riagnetic engine of this 
Idnd to do work on a large sc^le and at a profitable 
t&tc, tt would be necessary to drive it with enormous 
nptdity; for the faster it is driven the j^reater ia the 
metion upon the curreiu^ and therefore the more is 
ihc curretit enfeebled, and the greater the percentage 
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of the dnving power which ir utiliMd. And the Uw« 
discovered t^ Farad.iy and Joule respectively — vii»» 
that tfi£ strcffxf^t of the current is dirttUf as tlu ^usmti^ 
cf sine dissoivid ptr steond, and that the hsat dfv^^pii 
is directly as the square of the strength j>f tJte enrnvt, — 
sJiow thiit die efficiency of the engine is directly pro* 
portional to the weakening of the current The more 
the en^ne wc3.]cen» the current by reaction, the greater 
is the fraction of tJie whole Amount of fuel spent uhicb 
js converted into useful worlc. 

Many of you arc doubtless practically mucli birttcr 
acquainted with the subject I am now to mcnUon than 
I am, and Ihcrefoi'e I sJiall only briefly state that, even 
if we could succeed in making an engine of thU kJad 
work at a very great speed, and thereby obtain the 
highest efficiency possible ; and if we could, for the 
purpose of keeping up such a speed, almost wholly 
get over the difficulties of ordinary friction, which of 
couri^e become far greater and more serious as the 
r,ipidi!y of the worlcinjf of the engine increases. — even 
if all tliis coiild he done, still, if wc calculate the cost of 
the fuel here, wc nhmU And that such an engine could 
never economically compete with an ordinary atcam- 
engine, because of the fact that in order to smelt a quan- 
tity of zinCf an expenditure of about sixty times its 
weight hi coal is required ; while, weight for weight, thr 
coal is far the more powerful fuel, i.e. loses far more 
'potential enci^y hi being burned ; and therefore of 
course there can be no comparison between the prices 
of the fuel in the two cases, if the same ultimate amount 
of work 15 done. 

Copper disc with multiplying gear. — The ne>;t ca*e I 
take is a vciy curious one, 1 have got iicre an arrange 
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intnt (never mind the details) cotiststing of a driving 
wliecl and miiltiplymg gear, by which T can communi- 
cate an cxtrcmdy great velocity cf rotation lo this 
copper disc, which is niourted as freely as possible upon 
well-oiled and well -supported axles. It is, in fact, easily 
driven at a rate of somewhere about a conplt? of hiin- 
dtrd turns per Si^concl, if w<^ work the driving h^^iidk al 
the rate of about two turns per second. The disc eon- 
s of a highly conduetmg malcria! — copper, and it is 
^aced between two pieces of ircm which do not touch 
h, but come very near it. Thc^c pieces of iron form 
fwrL of thearm.tlure of a srnaU c1i?ctro-niagnet- Now, 
the coils of this electro-magnet have at present no 
current pajairg through ihenij and 1 find that, as you 
fi(Xj there is ciolhmg more easy than to set tlie dise in 
very lapid motion indeed. You notice that when I 
rrmove my hand, the merlia of llic wbtrl-work is such 
that the whole goes on larmisg for ^ very eonsiderablc 
time Now notice what the effect will be if, while I am 
drivlnjj it, my assistitil suddenly throws the current, 
even from tiiree cells of a batteryj round the electro- 
magnet. Then I shall be endeavouring to drive the 
copjwf disc in the immediate neighbourhood of a strong 
aOTth pole on the ore side of it» and an equally strong 
south pole on the other. Although there is no cont^ict 
— nothing of what we ordinarily call friction — you will 
sec th;it this a.cfs exactly like a fritlicn brake of very 
great power There ; you observe the instantaneous 
stoppage. 3ftd you alao sec that, strive <is T may, T c<m 
scarcely move the driving handle. With such battery 
power as that, it is utterly impossible for any one man 
10 drive the disc fast ; it would require perhaps four or 
five persons to force it to rotate at even a vciy moderate 
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speed. If [ put on a single cell imtcad of three, yx>u sec 
that by grreat cxcrtioas I manage to keep tb<; disc 
roUttnf^ at a slow rate for a short time ; but it is only 
by the expenditure of a vcrj* conudcTable amount of 
labour 1 could kcq> it going perhaps for a few minutet, 
but Uicrc U no ncccsiklty for pusihmg (lie trial further. 
Now corner the qncation. What have wc to show for 
thisf What necessitated the extraordinary amount of 
effort that Is required in order to keep the diae turning 
in the raignclic field ? In order that you may st-c tlii* 
experiment in another and perhaps a clearer li^Oit, t 
shall take advanta^ of the fact that, as you saw a little 
ago, the machinery is capable by its inertia, if once set 
rapidly in motion, of Eoitig on for a considerable time 
before? tjie motion finally dies out. i start it again, witli 
the same rapidity as before, and you ace the almtvit in- 
jtantancoui collapse as soon as the circuit is closed. 
We have in fact a friction brake acting without contact, 
and tc force that disc to move rapidly in the neighbour- 
hriod of the magnet requires an enormous expenditure 
of work. Now comes the question, Wlicre doe* ihis 
work go to? Suppose that in spite of this enormous 
resistance (o the motion of the disc, we were to expend 
work in turning it Theanswermustsimplybctliis, that 
the whole, or almost the whole of the work so spent 
goes to heat the disc : and that, simply by persistently 
turning it under these circumstances, you can make the 
copper absolutely red hot, and, in fact, melt it, if the 
experiment is carried on far enough, without any con- 
tact whatever witli the iron of the electro-magnet- The 
mode in which this heat is produced is also very inter- 
esting. It depends upon induced currents^one of Fara- 
day's great discoveries. Faraday discoveredj as 1 daresay 
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jrou are ftll aware, so long ago as 1831. that when aeon- 
ducting body is made to move in the neighbourhood 
of a m^netf the relative motion oJ the two producer 
currents of electricity in the conductor. Now, when a 
current of electricity is once producedj we have seen 
lliat unless It be diverted to produce work, or potential 
cnci^", or some other form of energy, it always in time 
fritters itself down into heat. If, then, you keep this 
copper disc moving in the neighbourhood of" the mas^net, 
the fjstLT it mo^es tht* stronger art the currents pro- 
duced in it ; and as there is no appliance here to collect 
Uicsc currents, so a3 to utilise ihcm for any other pur^ 
pOfie, the currents mjAt fritter themselves away into 
heat in the copper disc itself A permanent mr^gnct 
would hav(^ pr<rciBcly the same efftct as our dectro- 
ntagnct — the only reason for usuig an clectro-magact 
being that it is so easy to magiKti^e and dcmagnctbc 
the soft iron. i.f, virtitally to present or witlidraw the 
magnet by the mere making or breaking of contact of 
two wires, The currents which arc generated in the 
disc, are in such a diicction as always to be altfactcd 
by the magnet; or, aa it may be more scientifically 
put, in the words of Lenz, the mutual action between 
the magnet and the cnrrents generated by the relative 
mution of the conductor always tends to diminish ih.it 
relative molicn. Ilcncc the work constantly required 
to maintain the rotation of tlie disc. 

MagntfO'<Uc{ri€ Machhtc. — Xow, still further to illus- 
trate this part of the subject, J may refer to thismagneto- 
eledrtc engine, which was devLscd to take advantaj^e cif 
Faraday's discovcrj' just mentioned. Here arc a couple 
of coils of wire with iron cores, which are to be made lo 
iiio\'e In presence of a bundle of steel magnets. Here 
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WW liavt, tn a somewhat differicm ihape, the essenln&l 
fcaturcn of lh« engine ItiJivc juHtbccn u^ing^ Wc apply 
a certain amount of mechanical work, in order to move 
these coils in the presence of the poles of the maf^cts; 
and tbufi have currents developed In them as \v4: had 
iht'in dt'VL'loixd a lillle ago in the simple copper disc 
I am iiuw dboul to tullc;:l these cuitcnts for die pur- 
pose of producing lijflit, instead of altowlng them to be 
frittered down into heat, a^ in the former apparatus; 
and you see that we produce a brillianr spark by 
simply expending mechankal power or work upon the 
drl/jjig hanJlt:* without any baitciy, without any electro- 
inagnct or anything of that kind. By simply forcing 
the conductc-r to mo^c in presence of the slcel magfnett, 
wccan develop currents strong enau£;h to produce that 
brilliant spark- Of course with this Utile machine th^ 
light is on a v^^ry small scale, but the engine is acting 
on precisely the same principle as the magncto-clcclric 
machines, driven by steam-power, which have been r^ 
cently employed with great effect for the purpose of 
lighthonse illumination. 

Indwthti Gni with Gdislcr-tuhe ci^itaimng AigAfy 
rarified Corhotiic Acid. — There is only one other illus- 
trative experiment connected with Ihcs^ to which I 
shall now advert, and that Is another mode of convert^ 
Ing work or potential energy into light; that is, hy 
means uf an induction coll, a-s it is called. 1 am using 
with it the battery I have hitherto been employing- 
We produce a current of electricity by means of it ; we 
magnetise a bundle of iron wires by the help of that 
current ; then we break the circuit and stop the current, 
und the iron wire* ccast? lobe magnets. Atlhcinstant 
that they cease to be magnetic they ate virtually, as it 
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were; suddenly pulled Away to an intinitc distance Now, 
this coil (consiating of r very long conducting" wire) is in 
the immediate neigbbourhood cflh*; bundle of iron wirca. 
Wlien they become magne lie, it is as if a powerful magnet 
were sudJtnly insirtetl in Che coll. When thry cease to 
be magnetic, it Is as if the magncl were instdJitancously 
withdrawn. In cither of these cases, wc have the 
<ie\H:lopmcnt of aa eleelric current in the eociductin^ 
coil. Now, Instead of driving that current through a 
veiy small space of ccimmrn air, as T tlid in llie case of 
the magneto-dcttric m^ichine, I will drive it through a 
con^derable kngtli of the contents of a hinhly-exhausicd 
receiver. 1 do this for a particular reason, which will 
aippcar as soon as we have got the room darkened. 
You now notice the exquisite luminous cfltcC produced 
by resUtance : but observe especially this peculiarity 
about it that it remains persistent for a cci-tain time 
after the discba^e has been inteiTuptcdH You sec at 
once that the discha^'^e has ceased by t]ie disappearance 
of Ihe j>orj>!e and Ih<? bluo light lu-^r the ends of the 
tube ; while the olive green hglit which is in the wider 
ports of the apparatus remains for a time visible^ and 
Hfradtially dies away. It has scarcely yet, as it were, 
eocled. It presents, except as to colour, exactly the 
appearance of a heated body cociling. This remarlc- 
aWc elTett then, though due primarily of ctfurse to the 
current, gives us a curious instance of a body which, 
when affitaCed by the passage; oftlic current can convert 
itsenergy into light, and part with it in that form. There 
U in fact scdrcely any radiation of dark heat from that 
irlowinif and cooling body. I inttrpoUled that cJcperi- 
ment just now. net because it has any direct connection 
(except a3 to the exciting cause, the battery) with what 
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vc have had before, and .ihalt have imincdidtGly after it; 
but because I bad the apparatus ready, and it was ax 
well to sihow the exp^Timent while it was at hand. 

In all thMr c^.*t-( you wil! liavc nnttccd Ihiil tli«TC 
has been a transformation — somclimcs many transfor* 
mationi in auoccssion ; but there is one law of nature 
whidi we notice in the case of all these transfontiations. 
Some kirds of energy arc of a higher order than other*. 
and ifyoij begin with one of ihc higlier orders, ynu can 
get from it any of the otlicrs. and in Ecnrral >tju can 
transform almost the whole of it into any of the others 
you please ; but when you begin with one of the lo>«f 
forms, the revcrtaJ of the process fs attended by extra- 
ordinary diiTiculties, The lines 

noctcs aique dies paiei utri jstiuh Ditia : 

fed revocare i^raduinr ^iipcrjuqae evadcre ail aunt, 

hoc opus, h:c E^bor . . , 

seem almost to have been written by one who antici* 
pated our knowledge of tlic laws of the transformation 

of cnerf^y. 

We come then to the queulon of the raising of 
energy from lower to hiohi-r forms, which is the only 
one which presents much difiicult/i and if we (horoughly 
understand upon what conditions the utmost transfonrni- 
tion of beat into work depends, ^nd how it is that at b«rt 
only a small fraction of a given qu;inttty of heat cafl» 
unJer tile mDst fivour^ble circumstances, be convcr1o3 
into work, then wc shall have no diHiculty whatever in 
seeing tliat laws of a similar kind, although not perhaf 
precisely the same, must hold for every otlier tianrf*'* 
mation from one form of energy to a second, e*p^ 
cially if the second be the higher form of the twa Noffi 
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he ordinary conversion of work into heat you nay ace 
ustmted in the most direct fonn in manifold ways, 
vag€S, for instance^ procure a light by rubbing two 
iieces uf dry wood together, or still better by u^ing a 
liecc of hard wood to boic a hole in a soft piece. Any 
if us can effect that optmtion. aitd set the pieces of 
wood on fire, by applying long enough and with suffi- 
ri^at rapidity and pressure a sort of drilling motion. It 
s quite easy, by the expenditure of a liitic mechanical 
jncrgy, to set fire to both pieces of wood, Tluit is 
ncrdy of course an improvement upon the apparatus 
Mcd by the savage. When we slir or churn, or any- 
low rapidly agitate a mass of water, we find that 
!h« amount of work we *petid upon it Is at first con- 
rcrlcd into actual kinetic enci^' of ihc moving water. 
ITou sec tt rotating round as you stir the vessel \ but if 
pDU leave it to itself) you see that its rotation graduaNy 
lUckcns until it comes finally to rest. In £uch a case, it 
found that the whole of the work spent upon the 
Vrater has becii ultimately ctinverted into heat When- 
ever you apply work to the production of heat by 
friction, you have an apparatus perfect enough to get 
the whole of the work transformed into heat It may be 
Ihac part of the energy 1^ originally not in the form of 
notion. 3^ when pait <jf the surface of routing water 
braised above its mean level, but this potential cncjgy 
*Uo gets frittered down into heat by degrees. It may 
bt Al»>that, even in ordinary friction, even insucha case 
U the friction of sand-paper against a piece of wood, the 
Gat thing produced by the friction, or rather by the work 
<ptt!t in friction, consists of electric currents in the immc- 
4ate Dc^hbourhood of the place where the rubbing 
bflflEectcd. We have sometliing very similar to that. 
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althoagh on a more dclic&tc scale, in the case of an or- 
dinary friction electrical machine. There is ro doubt 
that the elcciridiy There is produced by lometbmg vcjy 
closely resembling' oiJInaiy friction, although it tn^y be 
aonictdtitg intermediate between it and contact \ but tlus 
leads us to the aupposition that it may be possible that 
In many ca^es of what appears to us to bs downright 
friction, perhaps even (as Sir W, Thomson ssj"^) when 
actually carried to (he extent of abmsion of p;irtic!es of 
tlic two bodies which arc rubbed on one ^notlier. there 
may be, first of all, the production of electric currents 
to a certain extent, and that these currents may be 
almost immediately frittered down into b&at hy the 
resistance or bad conducting power of the two nibbing 
bodies \ s,o th^t in such cases work spent in friction 
may not immediately produce heat, but there is no 
question u-hatever that whether heat be immediately 
produced or whethijr it is produced mediately, through 
electric currents, we can convert the whole of the amount 
ofworlt spent in frlclion into heat. 

Then in the same way wc know that by hammcnilf 
a horse-shoe or other small piece of iron on an anvil, a 
skilful smith can without much trouble raise it to a dadc 
red htat. The work spent in producing thc«e iffi" 
pacts is almost entirely converted into heat, ard thi* 
mainly in the piece of iron to which he applies bis 
blows. And you will see something of the same VitSt 
tflough on a grander scale, in artillery practice. When* 
ever the huge projectiles of the modem great guns ha^'C 
been employed for the purpose of penetrating arraouf 
platen, though a great part of their energy has no doubt 
been spent in actually penetrating the thick iron pUlt. 
yet at the same time there is an immense flash of ligktf 
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accompaniet] by heat and various g^scs protTuccd ffotn 
the two mctah by actual fitsioii and cvaporfttion, all 
taking place at the instant of the inipEict, and corre- 
sponding lo portions of the work transformed. In these 
cases, then, there is no difficulty whatever in getting the 
work converted directly into heat. 

But we now conic tn the question how to get hcjit 
converted Into work, and here our difficulties begin, 
\i\Kn in the best sltam -engine, wc cannot convert into 
ttscfu) forms more th:in between oiie-fourth and one-third 
of the heat which is emjiloyed- 

In trckling of tins subje-cl, I must introduce an ad- 
VMCe in scientific method which was not known to men 
of science till within the last thirty yoara, although it 
was pubhshed in 1824 ; the great work of Sadi Camot, 
a work of vhich it is Impossible lo speak in suffi- 
ciently high tc^rms fn such a series of lectures as I am 
pvitig. 1 need only say that without this woik of Car- 
ftot'j, the modern theory of energ>', and especially that 
liTn&ch of it^ which is at present by far the most im- 
portant in practice, the dynamical theory of heat, could 
trrer have attained m so few ye^irs its now enormou'^ 
dei'dopnient. Camot's claims to recognition are of an 
^Btcecdingly high order, because they depend not merely 
his method, which is one of startlin;j novelty and 
inality, and is not confined to the subject of heat 
ic; btit upon the fundamental principle on which he 
his mode of comparing the heal em[iloycd with 
work procured from \t Every rca5oner [who has 
lied himself to the subject of heat since Camot) has 
right. FO f;ir as he attended to Carnot^s principle, 
It ha* inevitably gr<ne wrongs wlipn he forgot or did 
attend to it- The fundamental blunders of S^guin 
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and Mayer and various others — whos& admitted claicns 
I have pointed out in a fofmcr Imturc — arc alino^ 
entirely due to tlieir Ignonng the grcj^i prindplc Uld 
down b>' Caniot as early Q£ 1^24. 

Carnot's work is upon the AUui^ P^dxr ^f Htat Ic 
forms no inconsiderable portion of Sir \V, Thomson's 
many Bcientiftc claims that be recngni^rd at the right 
moment the full nicrith of thU all but forgoiicn volume, 
and recalled the attention of scientifie men to it in tSd^S ; 
pointjnif out, among other thin^, that it enabled us to 
give, for tlie first time, an nbsoiuu definition of TtmptrA' 
turt. Although Carnot tseemingly against his own con* 
victionii) rca,son? od the assuniplicn tliat heat is ntatter, 
and therefore Indc^ttuctibk : and although, in conse- 
quence, aomc of his Jnvt:itit;ations arc not quite exact, 
his «votlc is of inestimable value, because it has fur* 
nishcd us, rot only with a correct basis on which to 
reiison but, with a physical method of extraurdinary 
novelty and power, wliicli enables us at oiice to apply 
mathematical rca.soning to alt questions of this kind. 
These then arc his two great claims, — first, the setting 
therm O'dy 11 amies upon a proper physical and experi- 
mental basis; and, seeond, in the furnishing us with a 
means of reasoning upon it which was absolutely new in 
physical mathematics> and which, has been, not merely 
In Carnot's hands, but in the hands of a great many of 
his successors, as fruitful in new diticoveries as the idea 
of the conservation of energy itself 

Kow, the^e two grand things which Carnot intro- 
duced, which were entirely originated by him, and 
which left him in an almost perfect farm, were the idea 
of a Cyck cf Operations, and the further idea of a Rtuf' 
sibli C^dt. 
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In order to reason upon the working of a heat-engine 
(appose it for siuTpKcity ^ .^tearn -engine*, you must 
Ima^JJic a set of operations. 5uch tlial at the end ijf the 
aeries you bring the steam or wutci' back to the exact 
«talc in which you had it at starting. That is what 
Caniot calls a cycle of operations, and of it Carnot says, 
tlien, and only then, i.t. at the conclusion of the cycle, 
are you enLitlcil to reason upon the rclalion between 
tlic work which you have acquired, and the heat which 
you have spent in acquiring it. If you were to tnke, 
&£ S^giiia proposed, a quantity of steam, and merely 
aUow it to expand, giving out heat in the process and 
doing work, you have nn fight whatever to say that 
tJie qu^intity of heat which has disappeared Is the 
equivalent ol the work which you have got, because at 
the end of tlic operation Che steam is in a different state 
as to pressure and temperalure from tliat in whidi it 
was aX, tilt beginning. It was saturated steam at a 
certain temperature, let us say^ to start with, but at the 
CExi of the operation it may still, if you make proper 
adjustments, be saturated steam, but it is neces:^ariiy at 
a differeot temperature, and therefore you cannot teil 
wbetlier or not it pti^scaws intrinsically ibe same ^imount 
of energy as tt did in its former stale. You have no 
light whatever to reason upon the quantity of heat 
which appears to have ^one^ as compared witli the work 
which has been done, when your working substance 
begini; in one slate and end* In another. But if you 
can by any proccw bring your working substance back 
toils iaitial state, then you arc entitled to assert that as 
it has returned to its initial stfilc, it mast contain neither 
more nor less than it did at first, and therefore of course 
yoQ are also cmitkd to reason upon all the external 
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thing? that h2\c lalcen pl^ce during the op<^^atioo, aod 
to dctcrmirtc the condition oi* c<it.tl valence among them- I 
You now sec how completely unscientific was Sigwin's 
rcaioning, thoutrh hb work was [itibiir.hcd ftflccn yean 
after th^tt of CamoL A similar remark of course 
applies to Mayer, «»'^o was ibt greater, because the 
later, sinner in iJiU matter. 

The other grand point with reference to Carnot i* 
this, — that he- started the notion of a Rn^trsitle £a£w, 
— reversible not in the ordinary technical sense of work- 
ing its parts backward?, not in the mere sense of back- 
ing, but rever'>Ib!e in the sensi; that, instead of using heat 
and getting work from it. you can drive your engine 
through your cycle the other way round, and by takic^ 
in workf pump back heat (as it were) from the condeft^r 
to the boiler again, — a reveraing of the whole proccsa^^ 
not a mere revcrsiitg v( the directum in which the rrgfre 
is driving. Now, Camot introduced thiit notion, and 
he showed by perfectly conclu-^vc reasoning that if you 
Cflil obtain a reversible engine, it i^ t/u perf^t ^w^m; 
i.e. that it is impossible to get an engine more perfect 
than a reversible one — reversible being taken inthr scn*c 
in which I have just explained it. We see at once what 
an enormous step b gained, supposing we can cstablt^ 
that second principlCfbecauiie, as you will presently find, 
we can settle the conditions of reversibility' altogether 
independently of the niiture of the working substance in 
our engine. You see tlien that ne arc not now bojnd 
down to a steam-engine, or any one working substance. 
We are enabled now to state our conclusions in terms. 
rot of the particular engine but, of the cnrcumfitancci 
in which iho engine work^. All perfect engine? — that 
is. all reversible engines — will do exactly the same 
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amount of work with the sime amount of heat, pro 
videcl their boilers and iheir condersers be at the same 
temperatujey, and therefore you can dtfine the relation 
between the whole amount of heat which enters ihc 
engine and the utmost amount of it which can be con- 
verted into work, and this alto^tlser independently of 
the particular engine, but solely and simply in terms of 
the temperature of tite btjiler and the temperature of 
lllc condc[isci'. The?ie, then, are the grajld claims which 
Carnot has in Thermodynamic Science, 

Now. in order to make it intelligible how we can 
have a reversible engine at all, in this sense, it will 
be necessary for rne to go through a series of Ima- 
ffinary operations explanatoij' of the nature of Carnot's 
reasoning:. Besides, if you once thoroughly understand 
thij. it gives the key to an enormous number of new 
physical facts and properties of matter wliich, before 
»re icamed from Carnot the correct method of rea* 
toning, wc might well have despaired of ever being 
at>le to tindcf»tandt at least In their true physical inter- 
dependency. 

JJif^tssiofi. Stam of ice^ suj^pe^ted fwritsontaily at ihe 

Befor<^ I go into a description of it, howt^vtr, 1 may call 
your attention to an experiment which has been going on 
for some time in your presence, and whose result^ in one 
of its many fornns, was first predicted from those very 
prindples of Camot's. What is its direct connection 
with ihcm 1 *hall explain in another lecture. In the 
fiveanlimc^ the experiment is tiollimg more than this:— 
Take a block or bar of ice, supported horizontally : lay 
over it a fire wire, and append equal weights to the two 
ends of the wife. The wire, as you notice^ has gradu- 
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ally, by the action of the weights, sliced through the 
bar of ice, and there are two such slices of which you 
can see the planes through the slab by the distortion of 
the air bubbles. The wire has actually passed through 
the ice in two planes parallel to one another, and yet 
the ice is now probably stronger at these two places 
where it has been cut than at any other place through' 
out the block. The statement of observed fact is, that 
as the wire was forced by the weights into the ice, the 
pressure upon the ice melted it, making it colder, so 
that the water produced, passing round the chilled wire, 
and being thus relieved from pressure, froze ^ain. Still 
the ice goes on melting in front of the wire, in conse- 
quence of the pressure, and the water formed continu- 
ally trickles round it and freezes again. In that way 
the ice-block is reunited, and you would see no trace 
whatever of this interruption of it were it not for the 
fact that this particular mass of ice was originally full 
of air bubbles, and the air having escaped from some 
of these bubbles by the passage of the wire, has left a 
transparent stratum which shows you where each sec- 
tion has been cut. Ice, in fact, being a substance which 
melts under sufficient pressure, behaves absolutely like a 
viscous or plastic substance, for it melts (and contracts) 
wherever the pressure is sufficiently great, thereby 
handing on the pressure to another part, and in so 
doing becoming solid again in its new form. Thus 
Forbes* Viscous Theory of Glackr- Motion^ propounded 
in 1843 as a statement of observed facts, is seen to be 
but the necessary consequence of a remarkable physical 
property of ice. 

Now, come to the consideration of this method of 
Camot's, I take an ideal engine, because that is quite 
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suiTicECiit for the purpose of our reasoning. If our rc2- 
soDing be right it is only a question of greater com* 
plextty to apply it to an (int;ma of a more elaborate 
character. Suppose then we have the cylinder ofa steam- 
engine — we shall dispense with the boiler altogether, 
bccaU5<! wc shall, for the sake of sinipUcily^ always 
n^aVc Ihc cyLindcr its own boiler Let us have in the 
cylinder a small quantity of \vater, and the piston pressed 
down so aJi to be nearly in contact with it. Suppose, 
then, that the sides of our cylinder and uiir pi'^ton are ;ib* 
solutely impervious Lo heat. That is another tiling we 
cannot realise, but it will have important bearings when 
wc come toconsider what are the conditions of the revcrsi- 
biJtty of an enpne. We shall find in fact that any loss 
of he;it by eonduetion through the sides of the cylinder 
in fatal to the reversibility of the engine \ but for all 
tbaC. in our theoretical reasoning wc assume that the 
sidc£ of the eylirdt^r and the piston itself are perfect 
non-conductors of heat We also assume that the bottom 
of the cylinder H a perfect conductor of hc^at Thei^e of 
course aie all suppu^itious \vliidi cannot be realised in 
practice, but they serve to give us a coi:ccivabic and 
extremely simple engine to theorise upon. Suppose, 
then, we have three stands, on auy one of which I may 
place UiU cylinder. The first of tlicm I call A^ the 
ftccand i', and the middle one C Nort, suppose ,^ to 
be a body which has a certain defined Icmperatm'e, S, 
whieJi b to be the temperature of the boiler. Tliis body 
A fc* supposed to be constantly supplied with beat, so 
as always to be kept up (whatever happens) lo that 
piutktilar tcmperatuie. Then, B, which is to be used 
15 the condenser is to be kept constantly at a dclinite 
temperature T, lower than the temperature, S, of At 
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The tiiirH body is to be used simply Tor th^ theoTy of 



the 



hfl-s really no rfltct lisAL It is simply 



opcrahon 

a uon-condjclor of licat ; it is in fact a sort of scconil 
bottom to be put upon the cylinder when it is iwt 
placed either upon Uic; boiler or the condenser. Now, 
we cat! catnmencr our oper,iiiont in any order with thi* 
appar,ifiis. The way in which Camot did It i* prrh^ips 
not Ihc simplest, but it is historicdUy the more iffl- 
porlant. Wc will commence, then. t>y setting the whole 
of this flpparatua upon the hot body. The cftcet of 
this, as the bottom of the cj-lindcr is n perfect con- 
ductor, H that the hot hoHy begins at once to part witli 
heat to the walci inside, undei the piston. The wdtcr 
then rises to the temperature S, and steam begins lo 
form above it This steam is limited in quantity by 
the space which is ^^ordcd for it, and by the tcmpefi- 
ture of the body. Wh^n as much fiteAm has been 
formed as \% coiisistcrnl with the eondicioriv, it is called 
saturated steam corresponding to Ihc temperature S^ 
Now, suppose that when things arc in that condition, 
we allow the steam to expand or the .piston to ri« 
'(the atmospheric pressure above the piston befnjj easily 
neutraliseti by a counteq;>oi.se, especially in an imriginaiy 
engine), wc could employ it to raise weights or do work 
of some kind or other externally. As it risea notice 
what takes place. The temperature romatne the same 
as before, but more space is afforded for the formation 
of steam, and therefore more steam Is formed, so that 
you go on keeping up -saturated steam at the prcssurt 
corresponding to the temperature, i, of the boiler As 
more steam is formed^ more woi'lc is done, titiA more 
heat is absorbed from the boiler, because latent heat 
is required for the new steam as it is formed. Then, 
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*rfiilc thing* arc in that condition-— the pistor having 
risen say miiJway up the cylinder — put llie whole u|Min 
the body C. No heat can get into tlic cylinder now, 
Dorc&n any escape, for the contents arc now completely 
flurroiinclcd by ron-cond acting bodies. In that etntc, 
however, the steam has still Che temperature of the boiler. 
Let it still furtbfrr expand, it will still do work, but now 
at Ihc expense of ila jwn beat, and tlicrcforc the con- 
tents will become colder. Let it go on expanding and 
doin^ work until it cools down to the temperature, 7", of 
the condenser^ and then, while it is in that state, sliifc the 
whole to the condenser. There will obviously be no 
treui^fcience of heat. While tilings are in tliat con- 
dition, suppose wc spend work in forcing down the piston 
a certain way. In doing so we compress the steam, and 
the contents tend to become hotter, but cannot do so, 
brcanw this body of temperature T is in ccmtact with 
them ; 50 that part of the steam condenses, and the 
latent iicat which it gives out is transferred to the cold 
body. 

With reg^ird to the amount by which you must push 
down the pinton during ihiN pari uf the oper^ilion, C^irnot 
said, p^i^h it so far thai you give out to tlie condenser 
exactly the same amount of heat as you had taken from 
the boiler during the firi^t stage of the expansion. That 
rtatctnent, however, is incorrect, and re<juires modifica- 
tion, because Camot argued an the assumption that 
heat is indcstnxctible. 

Itcafing in mind Camot's notion of a cycle, wc 
ace that the amount by which the piston is to be 
depressed while the whole stands on the condenser, i& 
to be detcrmmed by the condition that when the 
vliolc is fmaily placed on the impcrmon^ stand^ and 
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the piston pressed home, the temperature of the con- 
tents shall be S, the temperature of the boiler. [This 
complete rectification of Camot's cycle was given hy 
James Thomson m 1849.] If this be effected, we can 
transfer the cylinder to the body A, and everything is 
in the condition from which we started, so that the 
operation may be repeated as often as we please. 
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■RANSrDRMATlO>J OF HF.AT INTO WO^K- 
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lewold of h«r liimi^letvcy nf the tv^i *iaur-^nffir^e. I'lffei?! of preaiire 



'OU will remember that at the close of my (ast 
ure I had just given a sketch of the first part of the 
M>nLng of Caniol^lhc most iiin>ortaiit reasoning that 
ever been introdoccd into the treatment of any part 
he dynamical theory of heat, 1 may briefly rccapi- 
Lte [btil in a somewhat improved (orm) what [ then 
1, in order thai therL* may be no break of continuity. 
rbe RAtiiFc of the bypothntkal opc^rntion which Car- 
I introduced for the purpose of reasoning on this 
ijcct^ and only for that purpose, is of this kind, He 
i— Let us have a hot body which is constantly 
inlflinc*! at a certain tcmpcratuie, Let qs liave a 
d body which is also constantly maintained at a 
ftaitc temperature lower than the first. Then let us 
>po*e th;it in addition to Uicse we have a body which, 
rcgarcb otliL-r bcdirs. Is neither cold nor hot. for the 
i^Ie rcasoii that it b incapable of absorbing heat or 
giving it out, — a body which is a non-conductor of 
aL Then commence your series of operations, not 
i did (after Camot> in my last lecture, but with the 



» 



io6 TFSANSFOf^SfA Tioy OF MSAT INTO WOR/C. 

non*coflducior. Suppose ycur cylin<ln: and yoor piston 
to be nofi-condudofs, bui ihe bottom of the cylinder 
a pcrfc^ut cunJuclor, If you li«vc ^ quaiiUly of water 
and £tcam in the cylinder, both at the temperature of 
the cold body, and expend work in pres^ng down Ui« 
piston, the c<intent«^ will bocnme warmer, and some 
Ktrain will be liquefied. Continue thi*j pmcfrs;; HU thsr 
tcmpcr.-atufc ri.ics to that of the hot body — then transfer 
the cj'hnder to it. Now allow the piston to rise, ihc 
content* remaining .it the leinpcralurc of the hot body, 
fresh steam is generated, and work U done. Arrest 
this prtxrcs-s at aH}r at^ge ;ind transfer the cylinder to 
the non-conducting body. If we now allow the co^toUs 
further to expand, more work is done, but the tcmpcm- 
ture (^adually sinks. Continue this till the temperature 
falU to that of the cold body, to which, therefofc^ with- 
out lo*s or fpiin of heiit^ it may now be trju^frrred. 
Next apply work to compress it at the constant lem* 
pcraturc of the cold body till (by condensation) the 
contents have become exactly as they were at »^tarting. 
The cylinder may now be transferred to the non-con- 
ducting stand, and everything is as it was at firtt — «ave 
that some heat was taken from the hot body in the 
second operation, and heat was given to the cold body 
during the fourth. Also it is evident that vnorff work 
has been done during the second and lliird operations 
than was spent in the first and fourth, for the tcmptra- 
turc, and therefore the pressure, of the contents were 
greater during the expansion than during the com- 
pression. Of course you can go over this operation a£ 
many time^ as you pleasp. 

Notice pai-ticuUrly what the peculiarity of the oper^* 
tion i6. You must always have the steam or expanding 
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substance^ wh:itcver it is, — for air or anything cUe would 

do equally well, — in contact witli bodies at its own 
tcmpcratuir, or else with noii-coiiducliag bodies. If it 
were in contact with a body which was not at its own 
tcmpcrttture, there would be a waste of heat, Keat 
would pass by condiictiori from the cylinder to external 
bodir*;, ^nd would of course be vvasle^d a^ regards wnrlc. 
TIjc same would happen if we were to lake it from» 
let us say. the non conducting body and place it upon 
the cold body, before we had let it exjjand far enough 
to coo! down to the temperature of the cold body : — we 
5)tojld lii^ve *4(Jme heat conducted iiw^y at once without 
having any good from it. So. throughout the whole of 
Camot's operation, it is essential that thcri; shoutd be 
no direct transfer of heat at all except while heat Is 
being taken in frcm the hot body or given out to the 
cold body: the temperature of the contents of the 
cylinder bcin^ in each of these easels tlic same as that 
of the body with which they arc at the lime in contact. 
A remark of f^reat importance must nuw.be made, 
though it involve* somewhat of a digression. You must 
have nt>t:iced how much more ca:^ily we managed in 
tt>-da}''» than in yestetda/s lecture to lay dort'n the 
limits for the range of volume of the working substance 
doriui? each of the four operations inchided in Carnot't 
cycle. Yet the only difference in our proceedings eon- 
^Klcd in the facl'llul ytstcrday. following Caniot him- 
self, wc bc^ao with expansion at the higher temperature 
— while to-day we have preferred to commence with 
cooipres^on on the non-conducting stand With the 
help of a device due to Watt it m^ybe possible lo make 
this point much more easily intHligiblc. The device I 
oUudc to is called Xh^ /ndicafffr Dia^tfi/r, stnd is even 
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now constantly employed for the purpose of ascertaining 
the work actually done by an engine, especially that of 
a steam>ship. 

It is not my business to enter into purely mechanical 
details, and therefore I shall only say that this diagram 
is traced out by a pencil attached to the piston-rod of 
the engine, and therefore sharing its to-and-fro motion ; 
while it has also a motion in a direction perpendicular 
to the piston-rod, such that the displacement at any in- 




stant is proportional to the pressure in the cylinder at 
that instant To fix the ideas, suppose the cylinder to 
be horizontal, and the just-mentioned transverse motion 
vertical Then any re-entrant line whatever may be 
supposed to be traced, once over in each cycle of the 
engine, by the pencil P. For reasons to be afterwards 
explained^ I take the curvilinear quadrilateral PP'Q'Q- 
Let Ov be the axis of the cylinder, Op perpendicular to 
it ; and let PM be perpendicular to Ov. Then, by our 
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iranditions, OM represents the distance of ihe piaXon 
rom tlic bottom of the cylimler \ i,e. fJte vohnne of the 
VJorHfig subiiaftCft while MP represents its pt-^ssurt, 
each upon a definite scale- It follows from this, by a 
mathematical investt£alJoTi which, though very simple, 
I must not give in such a Jecture ;is this, that if P' be 
any other posilbn of the pencil^ ant! PM' be perpen- 
dicular to Ov, tht area of the fi^irc PP' M^M is pn^por- 
ti^Hai tQ the amount ofwark done by the expanditsg ^ub- 
fi£m£e while the pencil passes from P to P'. Hence 
yo\l easily see that tlie ttrca of the air^r ^P'Q'Q if thf 
trrr;^ t*f the it/ark done hy. vver that spent on, the 'working 
substance: i.g. the equivalent of the heat which disap- 
pears dunng the cycle. 

Now, by prtjperly regulating the temperature during 
the cycle, it Is obvious that we may make the pressure 
what wc" please at each slagc of the expansion and con- 

Kion. llcncc any closed curve whatever might, by 
cr arrangement, be made the diagram of energy 
, hcat-eni^inc. But now note particularly thai in 
Camol'ji ideal engine we are carefully restricted to two 
kindi; of operiitioiis {direct or reversed), and tc> iwo only. 
Hence the parts of the indicator-curve for each of the 
four operations in CamoVs cycle belong to two classes 
of curves, each of which is known, or at least can be 
txperlmentally determined, so soon as we know what is 
the working substance. 

One of these i* the curve representing the relation of 
prc^^re to volume when llie working substance ex- 
pands or contracts without change of temperature. Call 
Uus a line of cosrstauC temperature — PP or QQ^ in the 
<Iiagi'am- 
Thc ether, PQotP'Q', represents tlic corresponding 
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rcUtion when the substance cxparvdf oreontnct« tn a 
vessel imi>ervious to heat T)ii« is called, ftflcr Rad* 
kine. an AdUihatic Line. \Vc might conceive Walt's 
^aphiCci] proce&s actanlly applied to trace out tJieK 
curve:;. And it is obvious th:it we c^in have 9H^^ and 
otdy one, of each kind, passing ihrough each givm point 
P'xw llic plane of the indicator diagram. For that pocnt 
specifics a particular volume and [pressure of the work- 
ing sub^t^ince (treated as constaat in quantity-}, from 
which we are to start by one or other of the two pro- 
cesses I have just mentionti^l. Also it i^ ohviou* that 
ai, in genera], the pri^.ssurc of the working suhsti^nrc 
will fall ofT faster as it expands when no heat b com- 
municated to it, than when its temperature is kept eon- 
fitam. — of the two lines passing thrtmgh the point P, 
tliat corrcspc>nding to constant temperature PP tends 
less quicltly to fall to the line of no pressure Ov, than 
docs the adiabattc Hue FQ^ for equal increments of 
volume of the working substance. 

You now tiL't! that Carnot'* process csentially involve! 
a cycle whose bounii^ry (in Watts dragntm) in formed 
by two lines of equal temperature and two adtabatic 
lines. But. white these lines ct equal temperature were 
at once specl^ed by tlie numbers ^ and T, we had no 
such definite nomenclatirre for the adiabatic linfl^ 
Hence (so far as an elementary Itctiire is conccmccf) 
the greater simplicity of the method 1 have to*day used 
over that originally given by Carrot. To-day's method 
in fact befjan by taldng any point Q in the line of 
temperature T, thenee P was found by an adiabatlc 
line: then P' may be any point in the other given IiK 
of equal temperature, and from this the adiabatic gi^'C* 
Q. The di^GuIty in yesterday's method aroscin sped' 
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fying Q in the third operaiion, so that we should arrive 
at a^^iwrt point, P, in the ftmi ih, 

\Vc now come to smother point, also perfectly novel, 
aod of importance at least proportional to its novelty. 
If ycu think again of the operaiicns in Caruot's cyck-, 
you will esBily see thiit it is possible to consider them 
as jH-rfoiTned in exactly the reverse order litfgir, for 
iii&taiicCi with the hot body, but do not allovv the piston 
to n>c there. Take the cylinder from the hot body 
when the water and the little quartity of steam above 
it have acquired the higher temperature. Lift it to the 
50n -con dueling budy, and then allow the pi'aton to rise. 
Then let it rise till the temperature sinks to that of the 
co!d body ; place it on the cold body ; allow it to expand 
itill further, — it will be in that case givxnj; out work bL»t 
ibsorbtng heat : then t^h^n it has risen to Its former 
highest point, place it back ;igain on the non-conducting 
body, force the piston back to the same extent a^ that 
to which it rose when (in Camot':^ direct set of opera- 
tions) it was first placed on that body. Everythinf^ has 
taken place in precisely the converse order to that in 
ivlisch it took place before. Finish then iipon the hot 
body, find press home. Vou send back in that final 
tipcrfttion precisely the quantity of beat you took from 
wSt cold body y but during the two la&t operations you 
Pfc forcinjf down the piston, while during the two first 
Ofiaations tlie pi-slon wa^ being forced up, but it was 
, lhay» being forced up at a lower temperature, and 
I ilcrcfbrc at a lower pressure than the lempcralurc and 
ptKftur^ you had to overcome in forcing it home a^in. 
And, therefore, in the reverse method of working this 
togioe, you Iwve to spend work in taking heat from tlic 
coldbgdy and depositing it in the hot body. 
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These arc the gr^tnd ideas which Carn^t introduced 
Their two distinctive features arc, Jirst^ the idva of i 
complete cycle of opeiations. at the end of «hicb the 
wcrkinf: substance, whatever it U. is brought back to 
precisely its primary' condition ; and that Xhc cycle t^ 
be repeated over and over again indefinitely, Strtm^fy, 
The notion c*f iraking llic cyclt it rc\"^rsible one, so that 
you can perform all the operations in U ill the a'Vcrse 
order, a)id instead of taking in heat at any place >'oti 
can give out heat, — instc.td of the engine doing work at 
any place you can spend work upon it With tlitf?if 
changi^s iti each operatioTt^ the whole cycle can be giuic 
over the reverse way- 

Now, Camot proceeds to reason apon this. Conaid- 
cring heat as a material subsfance, he says that obw- 
otisly it has done work in the direct series of opcratioitt 
by being let dnwm fmm tite higher temperatiirr to ibc 
lower, just as water mi^ht do work by being let dows 
thiouc^h A turbine or other water-engine, doing work ia 
proportion to the quantity that comes down and the 
height through which it is allowed to descend. ^^^ 
now know thai this notion of the ratiire of heat i* tiro- 
neous. but still Carnot's reasoning is of tlic hijhcit 
value, because it wants only the change of a word rt 
two to render it perfectly applicable to our modem 
knowledge of the subject. 

Yon see at a glance one point which appear* cnndU" 
sively to show that Carnol's assumption was wroQ^ 
because nothing is eaaicr than to let the hcat dowa i-t 
once without the performance of any work. If youpn^ 
the hot body into direct communication with tlie crfd 
body, the same quantity of heat might be allnweJ is 
go down from one to the othcr^ and yet give yoti n<^ 
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rork at all. There must be, then, sonieihing wrong in 

hai sintement of Carnut. Wc now know what it is ; 

mt let us fallow Caniot a liltle further, and see how 

nuch more of what is eminently useful and true he 

Ataincd cvca with his false assumption. He carried it 

Urtlier in this way. He said — If an engine be reversible 

^thiscyck of operations has bt?en shown to be). It does 

tK mudi worl; as can be got oul of a given tjuintily of 

icit under the same gi^x^n circumstances- So that, no 

Batter what you make your engine of, — no matter what 

fc Uie substance which is expanding and contracting, — 

f a ecrtain quantity of heat be let down from a source 

Itaecxt^n tcmpcialure through ycnjr rcvcisiblc engine 

)o a sink at another temperaturcj then the quantity of 

lacfui work which can be got from that heat will be 

fcbsolately the same. Reversibility is the sole necessary 

pDndition uf equivalence br^lween two enginL's. You 

}A\\ sec in an instant what an enoiroous step tjiis is in 

bhyfical !H:ience. The reasoning hero ia independent 

ftltogcUier of 'the properties of any particular substance. 

Wc arc not dealing with steam, or air, or ether, or any 

Bfic wcirking substance in particular ^ yet wc have a 

DRicial test of the perfection of an engine which is abso* 

kitcly the 3ame when applied to any working substance 

Wd any heat'C:ngfne whatever. That test is, if a heat- 

<rigme is r^^ersiftA' it isptrf^tr, — not perfect in the popular 

•fcic, but in a scientific sense i that is to say in tlie sense 

Ifcat it is ttj gvcd G^ it is possible physicKtily to make it. 

Jlow the proof that it is so is very easily ffivcn, but 
btfon; 1 give it I may say a word or two upon a similar 
bitircitnewhAt simpler sort of proof which will prepare 
Jw for llic reasoning employed, and which beai^ directly 
^n the ordinary notion of the perpetual motion. 

H 
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We know that in all cases of natural laws, such as 
the laws of gravitation, and of m^netic attraction, 
whatever work is spent in moving a body through a 
certain couree in one direction, you get back exactly by 
letting it return along the same track, always on the 
supposition that friction is avoided- Suppose then that 
there could be two courses, from A to B, by the one of 
which more work would be spent on the mass than by 
the other. Let these amounts of work be W and w. I 
say that if such were the case you would be able at 
once to produce the perpetual motion. All you have to 
do is to apply frictionless constraint to guide the mass, 
so that in its ascent it shall travel along the course 




AwB, and m its descent along BWA. From A to B 
you have to spend the amount w of work against the 
forces of the system — from ^ to ^ these forces refund 
the amount W. On the whole, after a complete cycl^ 
the mass is restored to A with an amount W-w of 
energy additional to what it possessed at starting. 
Well, we have gained something by that, and every 
time the mass goes round the double course in the 
direction I have indicated, it gains the difference be- 
tween the larger quantity and the smaller one, and 
therefore you can, at the end of each complete cycle, 
drain that amount off to turn some machine , — to do 
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uacful work. If, tliercrorc, there wcrc fine way of doing 
a tbirtg at less cost than another, and If the leas costly 
opcrtilion were reversible (in the strict scientific sense 
above expUmed), then it would be possible for you 
under such circumstances to get iinlimitpd amounts of 
useful work from nothing. Nnw wc know thai, so far 
as experience extends, this is impossible. Tlie niulti- 
plicd experiments of some of the most ingenious men 
vho ever lived, Viiucanson and others, were directed to 
thift qwe^tion, Yet the*ie men, who constructed automata 
which mimicked, a.nd often copied, the motions and 
physical functions of living animals, — these men were 
entirely baffled in attempting to get at anything: like 
the perpetual motion. We miy say distinctly that all 
really wtentific e3<periinent has led to the conclusion 
that the perpetual motion in the old settse is absolutely 
unatt;itnablc. 

Well, let us see how ti:is reasoning applies to Cornet's 
enpne. He demonstrates its property by almost the 
same application [>f rcfasoiiiny^ a* th^t which I have just 
given you for u simiJir but very simple case. He says 
that a reversible hcat-cnginc is a perfect one ; for, if 
not lei us suppose there could be one more perfect 
Well, ycu can always use these two engines in conjunc- 
tion. Let the more perfect engine be employed In 
taking a quantity of heat, convcying^ it down to the 
eoadcDScr from the bt^ilcr. and giving you from it a 
Ur|*ef <iQanlity of work than the reversible engine could 
da You can now iisc the reversible engine to pump 
thit heat batk ;ig.*rn. Kvery time the heat goes dciwn, 
it is lhrout;b the more perfect engine ; every time it is 
eomin^ up, it is through the wojsc engine, and therefore 
it docs more work ^ing down than is spent on bringing 
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it up, and lhti4 every time the compound co^nc mtkts 
a complete fttroke, or passes through the doubJe eyde 
of operations, you have an cxcc^ of work given by the 
otir part nvrr wh.-it lus to ht* ^pcni on the other Tliere* 
Tore, this is nut merely an engine wtiidi wiU go for ever, 
but an engine which can go on fc>r ever, and besides 
steadily do work on external bodica- 

That, however, a* we have »;cen, is iticon«istcnt with 
all our cxperlmeriul re>«uTu, and therefcre wc must at 
once pmnouncc the Mippijniiion wbidi led us to ihfs con- 
cJusior, vIe.,— that tlicrc can be a more perfect engine 
than a reversible one, — to be false. This is Garnet's 
final proof that (on tlie assumption that heat is mattfr) 
a reversible hcat-cngim; is a perfect engine. It require^ 
very little indeed, as a momcnrs reflection will shov 
you, lo make this reiiaoning consistent with our modem 
knowledge of heat. 

We have now to consider the cycle bi the light of 
the conservation of energy, *(j tliat if you gel work from 
heat at all, some of that heat must have disappeared tn 
its production, and that, therefore, under no circum- 
stances — if the engine is doing external work at aU— 
can the quaniity of heat which reaches the condenser 
ever he equiil lo lliat which Icavrs the boiler. TIjc 
difference between thcni» — if none has been wasted hy 
conduction or in other unprofitable ways, — the dificr- 
ence between the quantity whicJ] leaves the source ani 
the quaniity which rcsches the condenser during i 
complete cycle mu^t be precisely Ihc equivalent of the 
external work which has been done- Taking that int5 
account, let us suppose we could make an engine itior? 
perfect than a reversible one. Work the t^v^o tofjcthcr. 
as before. Make the reversible engine continually pum;? 
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ip just as much ^s the other lets down. Then, as it is 
CfiS perfect, it wi!l require less work to be employed Oil 
t, when reversed, to restore to the ?ioiirce or boiler that 
quantity of beat than thcothcr engine will do in letting 
t down : and therefore, on the wholc^ while you have a 
^umpirij:: up of heat and letting it down which will 
tXACtly compensate ore another, or appear to do so, at 
{cast *fi far as the source is concerned, you will have a 
jain of work. There is the one point where the diffjculty 
is to be found, if there is any. The compound engine 
mil do work ; no quej^tion of that It lets down a 
certain quantity of heat to the condenser, The other 
rngim' pumps up heat from the condenser, and depnsiis 
in the boiler precisely the same quaTilily as the other 
takes out from it, How is it tlicn, that, though wc If now 
heat in not matter, this double system can do work ? 
Il can only work in one possible way, and that is by 
expenditure of hcat^il must ultimately work, ihtrefore, 
not by letting dtmn heat fivjui t)ie boiler, but by Cfmting 
thtim<UKS€r. That istoaay; If there can be a more 
perfect ergtne than a reversibte one, then, with our 
present knowledge of heat, and takinj^ Camot's cycle, 
modified so as to mrike it compatible with our modem 
knowledge, these two engines^ wurkin^ togelheJ',— tlie 
one restoring to the boiler precisely what the other took 
from it, — can only do work, on the w^hole, 01 external 
,bodies by cooling and further cooling* the condenser. 
iHenct; oiir result amounts to this, that by taking, as the 
condenser for our compound engine, any limited 5»or- 
tjon of the available univcrac, we could go on getting 
work from that by niakmjj it constantly colder and 
€<ddfir, till we removed all heat from it. Now, we may 
j^ume it to be axiomatic that we cannot do 
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this; all experimental laws are against it; and as we 
see that the supposition that 3 more perfect engine 
than a reversible one can exist has led us to this 
absurdity, we have it ex absurdo that there can be no 
engine more perfect than a reversible one. What I have 
just given you is, in a much amplified form, the gist of 
some of Sir W. Thomson's remarks of 1851 on this 
point Clausius, in the preceding year, had endeavoured 
to supply this defect in Camot's work by an appeal to 
the general behaviour of heat, i.e. its always striving to 
pass from a warmer body to a colder one. I have else- 
where given reasons which seem to show this proof to 
be inadmissible.^ However complete and satisfactory 
the demonstration just given may appear to be^ you will 
be told in another lecture that it is possible, but possible 
only in a very curious way, and to an extremely limited 
extent, to get round this apparent difficulty, — to make 
a body colder than surrounding objects and to get work 
from it in consequence. This was first pointed out by 
Clerk-Maxwell not long ago, and he showed that the 
mode of escape from the difficulty is, that it would 
require the intervention of beings, stiH finite, but infin- 

1 See the coirespondence iafuU ld the Phil. Mag. 1&73, I. pp. 106, 33S, 
443, %\fi, and II. 117, a4a 

Clausius' words of 1S50 arer — Durch Wiederholung diner beiden ab- 
wechselnden Ptocesse kiinnte mfln also, ohne jrgend einen Kraftaufwand 
Oder eine andere Verandening, beliebig viel Warme au£ einem k<dicn Kiirper 
in einen warmtn schaffen, und das wideisprichl dem sdosEigen Verhallen 
der Warrae^ indem sie uberall das Be&treben zeigE, vorkomraende Tem- 
perahirdilferenzen aus^ugleichen unti also aus den loarmftat Ktiipem in 
die kiUteren iiberziigchcn. To this [in 1S64, see his A^handlungenl be 
appends a note commencing: — Der hier angenommene Satz, dass die 
Wi^me niiki van xtibsf auj gintm kiUieren in einf» w&rmeTat K^rp^r 
^^gthtrt kann, uj.v. To nie at least it appears quite impossible to Hud 
the matter of the second^ (<;orrec:t or not} in the fSiat, of tbe» quotations. 
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itcl/ more acute and abl« than aTiylmman beings (or 
cwn tliijn Ihe utifosT ideal a Iium'in being can wtll con- 
ccivxr), lo effect ihc object on a finite scale, and thus 
upiscc tKc baafs on which CarnM's results have been 
re-C£t:ib]ishcd- His reasoning depends upon the mole- 
cular theory of gase*^ an essential feature of which is 
that fvt-n in a m^ss of ga* undisturbE^tl by currrnts, and 
of unifofm temperature, the paiticles have not all the 
same velocity. He points out that if such imiigiraiy 
being:;, whom Sir W. Thomson provisionaily calla 
drmans — ^mall creatures without inertia, of extremely 
acuit! j^enscs ;ind intelligi^ncc, and marvellous ajjilily — 
were to watch the particles of a gas contained in a 
vcjsel with a partition lull of trap-doors, also devoid of 
inertia ; prepared to open and cluse thc^io doors so as 
to let th<; quicker particles get out of the first comj^art- 
m^nt mUi the secondhand to lei an equal nuniber of 
the alowcr ones escape fiom the second compartment 
into the first, they could^ without doing any work them- 
selves, give to ihe system the power of doing a certain 
amount of worlc without help from external bodies. 
You must be caicful. huwcver, not to fancy tliat thcnr 
is here any gain or creation of energy — not even a 
demon could effect that — there is a gain of transforma- 
bility, 3 ^^ht rffic in The *ca!e of availability — voifA Uut. 
A< you will be tnld in another lectnre, this restoration 
of energy is constantly going on, but on a very limited 
icaltk in every mass of gas. Jf there were only a few 
hundred particles in a small vessel of g:is, the chonce3 
would be tliat if we sicddenly cut off half the vessel 
there wimld be a sensible difference of temperature 
between tlic two parts. But, in consequence of tjie 
cnofTDouA number cf particles in a cubic inch, 0/ €VCH 

fe A 
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the most rarefied gas^ the amended form of Camot's 
reasoning just given must be taken as holding* good for 
every heat-engine. For, alas ! we are not demons fln 

Maxwell's sense), and therefore so far as experiment 
goes, and practical application goes, we may take this 
improved form of Camot's demonstration as being abso- 
lutely decisive of the important result, that no heat- 
engine can be more perfect than a reversible one. This 
is, virtually, the Second Law of Thermodj'namics, the 
Pirst Law being that of the Equivalence of Heat and 
Work. 

The consideration that follows immediately upon this 
is : If all reversibleenginesareperfect.they must all beof 
equal efficiency. They must all be able to give you pre- 
cisely the same amount of work, from the same quantity 
of heat, under the same conditions. Therefore it follows 
that it is these conditions alone which determine ho;v 
much work can be produced by a perfect engine, from 
a given quantity of heat. Now, what are the condi-* 
tions ? I have mentioned no conditions whatever but 
the temperatures of the boiler and condenser. The tem- 
peratures of the boiler and condenser were the only 
things this set of perfect engines had in common. Sup- 
pose they were all worked for such a period of time 
that they would all employ equal quantities of Heal, 
then every one would convert the same fraction of its 
quantity of heat into work. Therefore, having estab- 
lished Carnot'a result, independently of Carnot's erronc' 
ous assumption, we are entitled to conclude that the 
perfect heat-engine converts into work a fraction of the 
heat it uses, the value of which fraction depends only 
upon the temperatures employed. Hence follows ini' 
mediately one of the most important consequences ol 
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C^niot's method \t was g^iven. as I have already aaid, 
iby Sir Williani Thoinson in 1^48, when he first recalled 
altention to Carnot's work. He pointed ojt that here 
we have an ahs<t!uu method of me-asuring temperature. 
All prL'vious methods had depended on the propt-nies of 
some particular substance. It Js no maltei what jour 
zero and your Newtonian fixed points may be, — let us 
£uppo«c them defined by meltinf; ice and boilinfj water 
Take a number of carefully made and caUbiated ther- 
mometers; fill one witli iiirrtiuiy, one with sulphnric iicid, 
and «> on, and one with water- All o^thesc^ if properly 
adjusted, will agree at tlie Kcro or freezing point and 
at tlie boiling point, bvit no two will, in general, agree 
at any inlermediate point. Tn Atcl, di:? water thernio- 
metcr would be an extremely eurious thing, because for 
a few degrees from the freezing point upwards the water 
contracts instead of expanding. The water would at 
first go downwards on ihc ycale, and then rise gradually 
towards the boiling point. The mercury, on the other 
l^nd. would go pretty uniformly up, and so on. Thus, 
^Hwplo)^ng such in.'^Iruments y^tu inust^ in addition to 
noting the degrees on the scale, also note the particular 
linnid employt-d. The tcmperaluie, then, of a body 
iiiea*iUTcd by tliermomctcrs fdlcd with diffc^rent sub- 
stances, won Id give generally as many different readings 
as tliere are thermometers : and, therefore, unless you 
«aie what H the pariicular liquid employed, your reader 
annot be sure of the particular temperature which is 
n^caitL But Sir William Thomson pointed out lli^it the 
wvcreiiblc cycle gives us the means of dehniug tcmpcra- 
"re {t^s^ttUly ; that is, with complete independence of 
^ properties of any particular substance* because Car- 
rol's engine; if only reversible, is perfect We do not need 
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to inquire what is the working substance — air, water, 

chloroform, or ether^ or whatever it is — they arc all equi- 
valent to one another, and the fraction of the heat they 
take in, which is converted into useful work, depends solely 
on the two temperatures. And we have seen that for a 
reversible engine it is only necessary that the working 
substance should never be in contact with a body of a 
temperature different from its own^ unless indeed it be an 
absolute non-conductor of heat. Now, suppose we could 
keep a body at the temperature of boiling water, under 
certain conditions, such as that the barometer shall be at 
a height of 750 m.m., or, roughly. 30 inches. Suppose we 
keep another body at the temperature of melting ic^ 
with the barometer at the same he^ht. Suppose we can 
measure what amount of heat is taken in and what amount 
given out by a perfect engine working between these two 
temperatures, we should find that they are as nearly 
as possible in the proportion of 374 to 274. I make 
this statement just now simply as an assertion ; we shall 
see afterwards by what process these numbers have been 
approximately obtained. In the ordinary centigrade 
scale we call the freezing temperature zero, and we call 
the temperature of boiling water, under the 30 inches of 
pressure of the atmosphere, loo'^- The experimental 
numbers have been so taken that their difference is 
100, for a reason which will immediately appear. It is 
obvious now that we may define the temperatures of 
the boiler and condenser of a perfect engine by any 
functions whatever of the quantity of heat taken in to 
that given out Sir William Thomson's first su^estion 
was not that which he finally adopted. To give as 
slight a dislocation as possible from the common modes 
of measuring temperature, it was found best, as it is also 
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mplcst. to (Irfitw: as follows :— When a iicrfcct engine 
akcs in heat at otic temperature and gives It out at an- 
ther Icmpcr^iture, ihcr the temperatures cf the 30«rcc 
nd of the refrigerator are in prcportion to the quan- 
itie* of heat taken m and given out, srs that, us. we see 
ly experiment In the case aJxAC mentioned, tliat for 
74 t^ken in, 274 arc given out, the temperature of boil- 
r^; Walter will on this scale be represented by 374^, and 
if freezirg water or melting ice by 374° the range be^ 
wreen thc^se being the ordinary lao^ «f the centigrade 
hcrmometer. Therefore wc have thb curious result, that 
' yoti could get a body cooled down far enough under 
be freezing point — we h:ive nmny artificial processes 
T aiich coohng : wc can go nearly 140 degrees 
tigradc behiiv tfit fttezhig^ jxiiiit, — H wtr c;>ufd ^o 
ICC av fiir, or 274 degrees below icro, wc should have 
en all the Ucat out of the body, wc aliould have re- 
uced it to the absolute icro of temperature. It would 
impossible tc make it any colder than the absolute 
f lemperaturc just st.ited at 274"^ C. under freezing 
of water. Otherwise dU ciiyiiic could be coii- 
stmctcd which would g^vc inorc work from a quantity 
t^hot iJian its dynamical equivalent And this engine 
«tnld work by taking heat from a body already more 
Ihut totally deprived of heat I 

lu pa&singp I may say a word or two illustrative, pcr- 
hips even to be regarded as corroborative, of that con- 
clu4icn. It ha^ been lonj; known that the press«i-e of a 
^tMCba^air, in a closed vessel, becomes greater as you 
ttbke it hotter Take a ves-sel eIlclos^^g a quarlity of 
E^j.and shut off the connection between the interior and 
^t exterior, ajid then apply heat to it. We know that 
^ g3S ppcs&es more strongly on the containing vessel. 
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On tlic other haxtd, if, instead of applying heat to it %v^ 
immcnw the vessel in a frcciiiftg mixture wc know that 
the pTc^iLirv bcoomtt less, Nqa-, the amount of increase 
of pnssunr per decree of incro^te of ttmpcraiun;, and 
aI»o tilt amouri of diminution nf pre^ure per decree of 
diminution of tctnpcntturc, hiu bcL-n ciirefully mca^utctl. 
and it has been fotind that almost cxactly^not quiu 
exactly, lor a reason Afterwards to be assigned, but quit« 
near enough for our present purpose — ifyou were losoi^- 
posethcgjscooleddownloati'ntpcratLireof 274*Cundtfr 
frcc£in£: point, dnd calculate, by assuming the experi- 
mental result I have mcntJoncd to hold throughout thai 
whole range of temperature, the pressure thus deduced 
i^oiild be aImo*it exactly nothing- So that on the ifr 
sLimptioii tli^t the fomiula for ftfi dilalatSon (found 
expcrinicntflily for small ranges of temperature) holdi 
for great ranges also, a gas would cease to exert ttiy 
pressure upon its containing vessel if you could coot it 
down to 274*" under ordinary freezing point, the dfigrcc* 
between the frec^-iug and boilif>g paints being, hs in ite 
Centigrade scale, 100^ This. t£Lkcn in connection nil^ 
Camof 3 result, appears conclusively to «bow that iht 
prt'sjiure of a gas if due to motion of itc particles The 
application of heat produces thifi motion of its particl^ 
in virtue of which Ihcy fly about -nnd impinge upon 
walls of the vessel; the energy of their motion i( 
heat contained by the gas, Cio on cooling, and 
motion becomes slower ; and finally, when you have 
the gas to x\\v absolute 2ero of temperature, Iheir m 
will l];ive ceased, and therefore we , should find no prt*- 
surc upon the retaining vessel. 

I may now mention in connection with the prodii^ 
tion of work from heat as a practical illustration ori(> 
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Bftt suppose wc could gt;t a stcam-cngine made to fultil 
iftTOOt's condition cf reversibility — that ia to say, that 
f^ could prevent the steam from ever bein^ in contact 

E" h bodies at other tlian its own tenipcmture Tor the 
c being, — prevent loss by conduction, etc, — in other 
x3s, suppose wc had a perfect engine, the fraction of 
DC whole heat employed which would be converted 
kto work would not be a lar^c one. Using data, which 
take from a statement of Joule, as fairly representing 
practical case : suppojic- the tngine lo bt a high-pres- 
rc one, working at 3J atmospheres, or something 
t Si ll>s. pressure on the square inch, it would 
ire in the boiler ^ temperature of very nearly 300' 
ahrt-Tihdt, Joule says tliat while wortring such an 
gine at an urdinary latc of speed it is next to impos- 
,bic to keep the condenser colder than about i lo'' Fah- 
hcit Now the question is, what fraction of the heat 
t upon tlut engine would be converted into useful 
The answer is — remembering Carnot's cycle 
in — llic quantity of heat taken in is to ihe quantity 
out in the proportion of the absolute temperature 
boiJer to the absolute tempernture of the con- 
r; so it comes to be a question simply of arith- 
ctic Two hundred and seventy-four degrees under 
aero Centigrade is the point of absolute cold ; what cor* 
Btsponds to tliat upon Fahrenheit's scale? This is 
Silly found to be 461^2 under tlie Fahrenheit aerOi 
Aad^ therefore, j6i^^2 is the absolute temperature of the 
fcoUcr -y and S7i°"3 will be the absolute tem[icraturc of 
tbe condense r. Therefore of ySvz units of heat which 
JO in, only ^7Vz units go out; and as the engine is 
pnfect, all the rest, that is, 190 units, amounting almost 
ttaclly la one-fourth, is converted into work. So our 
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englncj under tlioce coitditioiu. tt'liicH are atwut be 
favx>arablc a-t any occurring in practice, and even widi 
tbc additicin;^] an^umplion thnl it U a perfect cnginc^- 
a thing 4]uitc unr(;;ili£able in practice — oonverta only 
one^fourth of the heal from the lw>ilCT into useful work. 
The otlier ihrcc-fuurlh-t drc scrt to tlie contJciuicr, and 
in gcocnJ whcjil/ and aboolutdy wasted. 

I come now to the conftideraticn of various important 
advances in the pure science of natural philosophy, whicli 
have bet-n made possible, or hivfr at all t-vcni* been 
brought fonvard sooner than they otherwise would ha« 
been, in consequence of the recognition of this great dis 
covery of Camot Qx^xi of the first of these, and cer- 
tainly one of the most important, is that made by James 
Thomson, with regard to the effect of pressure wpon the 
frccjting point of water. A^ you %vill find immcdiatd]^, 
the whole effect is even for grcftt pressure* an octromel/ 
small one, — and yet, in all probability it has fittc^d i« 
to be one of the most important agents in modifylflg 
physicil geography. 

L*ct us consider for a moment tl>at when ivatcr frcetcl 
there is very considerable expai^^ion. With a st^ 
flight change of temperature of water near ibe freciing 
point yiAi have a very considerable change of buJV. 
Taking Cainot's engine again ; Suppose thdt instead <& 
putting a quantity of water with a little steam above it 
we put a quantity of cold water with a small quartlit? 
of ice in it, which went through the same set of oprra- 
tions ; then — and this was almost precisely tht wayiii 
which James Thomson regarded it — it is caay toshov 
that« taking account of the expansion in the act ^ 
fieesingi you could get, without any cxpenditi^re of heat 
whatever, any amount of work you pleased from vucb 
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icC'Water engine. TTie only w;iy in which yow could 

out of this inaJoiissiblc JilTicuity is by assuming 
I the freezing point of water depends upon the pres- 
sure. If thift be ailowed, ever>ltiing can be explained ; 
but if not, then unquestionably an icc-engme wotild 
enable Li to get work from no expenditure. In thati^ay, 
h>" 3impl>' applying Carnot's process with the change of 
word or two^ and availing himself of the cxpcrimcnt- 
ktly demonstrated impo^sibihty of the perpetual motion, 
lanKS Thomson made out thia result, that the freei- 
ng point of wjler i* iiectssanly lowered by pressure 
WcU, one tan calciilatc, suppose it were not lowered, 
low jnueb work could be done in one stroke of this 
:ofnpound engine One can compare that with the work 
done by expansion of water when converted into ice 
8LDd the amount of latent heal set free, and from these 
one can calculate conversely by how much the pi-ei^iire 
must be incrc«"L5cd in order to lower the freezing pnint 
one degree, or how much the freezing point would 
be altered by a change of one additional atmosphere 
o( prc-jffurr; Thomson made both these calculations. 
The result ^tis extremely small, namely this fraction — 
<f*007S C- The freezing point of water is lower by this 
IBttll fraction of a degree Centigrade for every addi- 
tional atmosphere of pres-srire. You c;vn ciikulate from 
tkal itut il wouli) recj^uire 133 additional atmcaphereK 
of I>rc3«ure> that is to say, 1^15 times 15 lbs,, or about 
IbsK. on the square inchn to be applied to a quantity 
whtcb ha» a tcmpcrAlute one degree Cenli^irade 
than the freezing point, in order that the ice 
melt. Su tliat ice can always be melicd b/ 
pfcasurc ^eat enough ; but if you make the 
very much colder tlua the freezing point, the amount 
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of pressure rcqufnrd to melt it is «o great that wc can 
lurdly concdvc of its ever being applied. It is onl/ 
iwhrn ice U modcraicly near lis melting ijonil that yciu 
can appSy sufiidcnt prcMuic to get iu present tcrrpcn- 
turc to icprcacnt its melting point ; and if ita prci^ct 
tempcr:tturc repreaents ita melting point, of couree Jl 
melts- I showed you in my last lecture one bcaiitiful 
meihod of cxliibiting the melting of ict- ondcr j>fi:s-^rc, 
wllicli was de:sciibcci last ycAr in ,\a/un: by Mr, Bol' 
tomlcy, It consisted of cutting tluough sl bar of jcc 
with ^ wire, as you would cut sorxy or chec:(ev But 
the ice bcliavcs in a totally different way from Uiat 
m which !ioap or cheese would h;4ve beh^vrd U£»]cf 
the same circtEinslances- If the ice h^d been one or t*T) 
decrees colder than the freezing point, the wire wouM 
have hung inactive. It is only whcTi the ice is near 
the freezing point that the wire, with moderate wetgbl* 
at lis ends, Is cnpalile ofmcllingit As ihe ict cicIU 
it passes round behind the wire, and, thus escapuiC 
the pressure, seta into ice again. Thas, as fresh ice 
has pressure applied to it by the advancing wire, ihcte 
Is a constant melting of the ice before tlie wire, and < 
constant re-frcezing behind It; and the block wf ict 
remains practically continuous, except just at the pbc 
where the wire is cutting it Now, this property of fe< 
was known in some of its effects — at all events to 
one who had seen a glacier — for hundreds of year« ; 
it WAS onl/within comparatively recent time^ thatatt 
tion was directly called to it The first who seems to 
doneso was CoUfuss-Ausset, in his experiments upofi 
Swiss gUciers, where he showed that by compressi 
number of fragments of ice fn a l^rahmah press it 
possible to a»clt them ; and when pressure was taken 
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them, to allow them to revert again into a solid block. 
JBot be found that wkti very cold ice ihc experiment 
'did not succeed. In fact, 2s we now see, even with his 
Brahni^ih press, he could not ^pply pressure eiicuglL 
AnoUtcr fonn in which it must have been well known 
for hundreds of years is the form in which wc try the 
£anie experiment every time wo make a snowbalL 
Schoolboys know well tliat after a very frrjsty night the 
anow will nut * make :*— llicir h^nds ciiniiot apply 
sullicicnl pressure. But if the snow be held long enough 
tn the hands to be warmed nearly to its melting point 
it recovers the power of 'making,' or rather of 'being 
mada' Evety time we see a wheel-track in snow we see 
the snow is ctusheJ, and even after ont^ loadLd cart lias 
pa^od [A'cr it — certainly after two or tlirec have passed, 
— the snow has been cnjahcd into clear transparent ice, 
The same thmg takes place by degrees after people 
enough have walked over a snow-covered pavement ; 
and In all these cases this minute lowering of the freez- 
iof point has kd to the result And now wc sec how 
it is that the enormous mass of a ^^lacicr moves slowly 
Cq like a viscous body, because in consequence of this 
ttoftt extraordinary property \t behaves under great 
fffcsiure precisely as if it were a viscou^ body. Tliejjres* 
■urtdown the mass uf a glacier must of course be veiy 
Gftat, and as the mass is— especially In summer — freely 
pocclated through by water, its temperature can never 
(txcept on special occasions, and then near the free sur- 
face) fidl notably below the freezing point. Now, in the 
Motion of the maaa on its journey, tlicic will be every 
■tttanc places at which the pressure is greatcstj — where 
b fact a viscous body, if it were placed in the position 
of iJie glacier ice, tvould give way. The ice, however, 
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has no such power of yielding ; but it has what produces 
quite a similar result — wherever there is concentration 
of pressure at one particular place it melts, and as water 
occupies less bulk than the ice from which it is formed, 
there is immediate relief, and the pressure is handed on 
to some other place or part of the mass. The water is 
thus relieved from the pressure by the yielding caused 
by its own diminution of bulk on melting. The pres- 
sure is handed on; but the water remains still colder 
than the freezing point, and therefore instantly becomes 
ice again. The only effect is that the glacier is melted 
for an instant at the place where there is the greatest 
pressure, and gives way there precisely as a viscous bodf 
would have done. But the instant it has given way and 
shifted off the pressure from itseJf it becomes ice again, 
and that process goes on continually throughout the 
whole mass ; and thus it behaves, though for special 
reasons of its own. precisely as a viscous fluid would do 
under the same external circumstances. 
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'urtluT conacfjucrcejof Cunol't iAua, Aronu]a» bciiQviojr of woiir and 
of lj[dU-riiUl>er. Apitlji^^jaii Vu raclt Riu.4a, *nd \hc ilmc of Llic cirtU'* 
iutcriur. At'orLnbiUlr of ciu^rgy* And lom uf avajlabililj. To rcslorc the 
^vmliLLllly oi cEic pallida uf i^ncigy, on^jllicr portion mu^l bi^ dcgtai^nj. 

of ^iafiDAJKt jjijjiD^t. M^Hneijr tiicSuii'i Radlani Encfgy, Eu^rgy 

I SHALL commence this afternoon by taking a few 
aithcrconsequenctsofllie grand idea* of Camot, which 

I ilc;^^U>pcd aL full Icii^lb in my last lecture. Wlicre- 
*vcr, in Tact, wc meet with any one anomabus physical 
result, we almost invariably find that it 13 associated 
Vith other anomalous regults ; and perhaps it is in tlm 
tttpect that Carnoi's ideas have been of ihe grvat^st use 
^giviat; us aevv infoniiatior. 

Let us take, for instance, what I incidentally mcn- 
'ioTWd in connection with thermometers in my last 
feture, — the fact that vater would be an exceedingly 
b«4 substance ro employ for the pitrpose of tilling a 
fteniiometer bulb, because, even supposing^ that it did 
not hurst the bulb when it froic, — supposing that we 
*ere usinj; it from zero of Centigrade scale up to 100°, 
iwould befiin when first heated to contract, and would 
cortfniie to do so up to the temperature of 4° C, and 
Ucfl it would expand like most other liquids- Now, 
hic is a. substance, Vkhichr when healed, become^ less 
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inbullc: it contmcU in«tcad of expanding. We should 
expect, llicrcforc, to f\j\d x\\^X water cJfhibJts 8ome other 
anomaly, — really the same tiling if wc could uiidci^Uiid 
cxflClly all about the physical qucsticn involved, but 
appearing very startling to U5 when presented as some- 
thing apparently fjuitc new and diferent. 

Lct U5 look closely into the ciTcumstanccg of .^$ 
question. Wc arc applying hcit to watci. ^nd in coo- 
aeqaence the water is contracting instead of expanding, 
SupposCi then, that wc take water at a tempcraCurc 
between zero and 4* C-, and apply pressure to It, what 
should we expect? Pressure applied to water at any 
tcmpcraLure above 4** C. and to most other liquids at 
any temperature whatever, develops heat. Now Cv- 
not's reosoniiig shows that just for the same teason that 
pre^^urc in a liquid which expands by heat prodticctx 
development of heat, so in a liquid stich as water bo 
tween zero and 4" C, a liquid which contracts on being 
heated, pressure produces coldn flo that water taken at 
any temperature between these narrow Umita aJ»d 
squeezed in a Bramah press becomes colder in conse- 
quence of the forced contraction in bulk. 

Antjlher very slarlling result i^ derived from the 
anomalous behaviour, which I daresay is familiar td 
most of you, of an India-rubber band 1 daresay ycu 
all know that an India-rubber band suddenly stretch*'' 
and applied to tlie lip feels warmer th^n before. M'lSt 
bodfes whtn extended become colder, as air docs whcff 
it expands. If you pull out a steel spiln^' it become* 
colder, as Jouk showed by direct experiment; but 
India-rubber is an exception : it not only become* 
tt-armer when it is pulled out, but if — keeping it *till 
pulled out^ — you allow It to cool ttJ the temperature of 
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the air, and then suddenly allow it to contract again, it 
is very much colder than before, as you feel by apply- 
ing It ajja.m to yf>iir lip. 

Now these other bodies, sucli as air and the steel 
spring, when Ileal is applied to them, expand, A 
slccl spring suppoiting a weight, and with heot applied 
to it, will expand, and allow the weight to descend- 
On tbr* contrary, as T hnpe to be able to show ynii "by 
a iiniplc ariangcmcnt, whtn yovi apply lical to ^ticlchcd 
India-rubber, instead of expanding it contracts, and 
perfectly in accordance with the theoretical prediction 
Df Sir William Thomson from Carnoi's reasoning 
applied to this case. 

I suppose the spot of light crossed by a ^harp hori- 

£ontal dark line 13 vblble to all of you nc^r the top of 

the 9cal<r. The Li^ht from an incandescent lime-ball 

passes through a iens, and {after reflection from a plane 

mlrtor) is brought to a foeus on the scale. The hori-* 

rontal dark line Ih the image of a wirt stretched In 

front of the lime-ball, Tliis is our index, not the 

vaguely -defined spot of light, I have here suspended 

a piece of vulcanised India-rubber gas tubing, with the 

»plral wire-core removed from it. Its lower end has a 

xale-pAn attached, and is also fastened to a lever which 

inevc:* the plane mirror. In order to show you what 

movtmcnts of the appai-atus indicate, my iis^istant 

put one or two addiltonal weights into the scale- 

lungin;; from the Cube, and you. will notice that 

effect of the additional weights, which is of course 

t* CXirnd the Tndij-rubber, produces a movement of 

*fce reflected light up the scale, Hence, \^ ihis India- 

'ttbber were to expand further by the application of 

licit, we should see the spot of light on the scaEe move 
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farther up ; but, on the contrary, as soon as heat is 
applied by a spirit-lamp to the India-rubber, the spot 
oF light you see moves downwards upon the scale, 
showing that the India-rubber is contracting instead of 
expanding. India-rubber is a very bad conductor of 




heat, so that it will require some time to cool; but if 
we were to allow it time to do so, we should find it 
return almost exactly to its original length ; so that 
while being heated vinder tension it contracts, and while 
cooling under tension it expands. 
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Thers arc a gn^at many other sub^uncea ^vhit:ll 
present anomalous pnjpcrti^rs of ihe samt kind ; but we 
will now go baclt to uasijs wiiidi arc nat anonialou;*, arcl 
there wc shall sec that the applicatior of Carrot^s prin* 
cip]^ leads, ill th^sc as in other cases, to results which 
may be of llie very greatt^si importance. Take, for 
inataiicf, a piece of wax. We know that when wax 
Mjlidirie?! it coatracts very considerably. ParafTin aiiil 
many other bodies do the ^amc ; and, therefore, in exact 
accor^iURCo wjth Carcict's reasoning, their melting points 
arc r.iUed by pressure instead of being lowered, as the 
melting point of ice is^ so tliat in order to meit puraffin 
uiuicr ;t vcrygre4t iiie.'isure, yon require lo heat it very 
mucii above its widiiiaiy mclling poiuL 

riii.s is exactly analogous to tlic case of the convcr* 
sion of water into stean). When water is converted 
Into steam, there is an enormous increase in the bulk^ 
aiul we know that the teinperaLure of the boiling point 
of water is greatly iicightencU by incrirascd pressure. In 
A high prtsmjrc atcam-engine, and whert^ver wc insist 
on having 5teajit at a htgh pressure, the boiJer requires 
to be raised to a correspondingly liigh temperature 
above the ordinary boiling point. Wl- all know ihat 
PapJn's OigCiter was fonned upon that priiiciplcj for the 
pmpoac of heating water to a vc^y much higher tcniper- 
atarc than the ordinary boiling point, and therefore to 
confer upan it solvent powers for dissolving bones and 
isuch like, which it doe^ not pu*icss at the ordinary boil- 
ing point. And, in the same way, Alpine trdvcllen^ have 
toLd us of their dLlhcultic^ ix\ cookmg tea, ±Lnd other 
food on the top of a ^l^U mountain, because it x& \m- 
pc&fiib^c; at sijcJi altitudes, witJiout enclosing the water 
b a boiler wi^ a closed lid, to heat it op to \\\^ tenj-* 
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peraturcof loo'^ C, the ordiaary boilinj; point. Wnto* 
boils in an open vc&sel at about 85° C. en th« top of 
Mont BUtic 

Now, cojistilcr tlw application of dib on a far inore 
{Pontic acalc. lliink of its application to ihc {or^nfiUy 
fluid) substances wliich now form the \vholc mass oi the 
earth. There can be no doubt whatever, from various 
physic;! I and grologi*ral proofs, that the interior of ihe 
cifth, it all cvcnt!^ for n very consSdcrabli: tlcjitfi uiidcT 
the *urfttcc:, must, at some long time ago, have been in a 
viscous or even a perfectly liquid state. Now, when that 
RiAss first cool(^, which it cert;iii:Iy would do mo^t npidly 
at the £.tirface, ihr^n if lire »iuli\lan(!e w<rre «uch sts to con- 
tract on coolinjr, so that the solid crust became dtrnscr 
than the liquid below it, there would be an exceedingly 
precarious st^te of equilibrium, as gradually the crust 
formed, and. shrinking In. increased the pressure on 
ihe liquid below, and thus pixiduced a powerful borf- 
zontal tension throughout il3 ow:\ substance In aU 
probability the crust must have broken up by the 
8urfAce- tension nccesaaiy to balance this internal pres- 
sure (as the tenwon of a soap-bubbie balances the eWra 
pressure due to the conip tcssfd air it cuntains), and 
tumbled in (find sunk) in pieces, and then sohditiCJ- 
tion commenced on tlie fi-esh exposed liquid surface, 
and so on. But through the whole globe, iherr 
may be, at depths even of so little as 500 mile* 
under the earth'.s Miifacc", portions still left of the 
originally liquid mass ^t ttm pastures equivalent to a 
red heat; or (it may be) even a white heat — at tcni' 
peraturts at all events far above their meltinK point, 
under ordinary pitssuics ; and yet, as SJr William 
Thomson has sliown by mcana of picccssion, and 1^ 
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Other astronomical detenniriatTons, still solid The 
wlioir mass of the t^rth is virtually solid ; more rigid in 
fact than if it had becu of glass throughout — vci-y 
nearly a3 rigid a3 if it had been a solid mtisa of 
st«el ; still, 1 say there m:iy be portions of the interior, 
even not 50 much ss 500 miles under the sTirf;ice, which 
are still at iL while hitM. find yc-T soliil because in constr- 
quence of the immerse super inci3mbt;nt pressure, thc:r 
melting jjointi have been raised so high that even a while 
hejil is insui^cient to liquefy them. 

The illustrations of this lecture have been mainly 
devoted Icj the law of transformiition of energy from 
one form to another, and all the examples I have given 
have been dimply applications of Caraot'3 great" result, 
as modtlied slightly so as to make it agree wilii modern 
knowledge as lothe nature of heat, But ihere iire nthtf 
rejections whkli we inu^il make on ihc s.ime iubjecU 
and especially with reference to the necessity in Carnol's 
process of a lai^e portion, by far the greater portion, of 
the heal vhich even a perfect ctigine employs, being let 
down* witliout undergoing transformation, from a high 
temperature, where U has a great deal of available 
Co a lower temperature, where it has a less 
tnt of a\*ailablc energy- 
There 13, of course, tlie same amount of energy in a 
given quantity of hea! in whate\'er body and at whatevrr 
Icmpeiaturc you have it i for a quantity of licat, what- 
ever Its tcrnpcraturc, represents its equivalent of work* 
But though there m a definite mechanical equivalent 
for so much heat, there are vast variations in its utility 
under differcT»t circumstances. If yon have the heat in 
a very hot body, you can get a gieal deal of its value 
Ottt. of it On the contrary, if you have it in a com* 
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parativcV cold body, >t>« can get y<:Ty iittic out of it ; 
and therefore wc arc led to speak oF the availability of 
an :tmou[it of hcat-cnergj-. Availability of cncr^ 
simjily mrrihs \X\ capabiHty <:S being transfnrmrd into 
somrtliiiig more usefulr if. of being r^»cd higher in tl» 
vcaU of energy \ and depends in tlic case of heat entirely 
upon the temperature At which wc have It. 

We have seen thai even a perfect engine, when it is 
lining htr;jt, ni;cess;^rily converts cMily a purt of the hctti 
into worL \V<^ (jet the full benefit of ihaX part of the 
heat ; but the remainder h not left in the boiler, but a 
degraded, is letdown, through the range of tcmpcratijrt 
corresponding to that between the boiler ;ind the coA« 
denser; and there^ although even yet it is equiva.1eer 
as n^ucli AS ever to work, it cannot be converted into 
useful worV ; for, in order thAt Auch a conversion shouU 
lake plitce, we must have a new engine working down 
to n temperature lower than that of the original cofl^ 
denser. Therefore this heat, although quite as lilgl 
as the rest in Its equivalent of mediankn] energy, I'i 
not so useful, because wc have not the means of trans- 
forming it It has lost its standing, as it were ; it h^ 
lo9t its availability : and thus there is a coniftaiit tea- 
dency, even with a perfect engine, — anJ wc cannot get 
a perfect engine in any of our operations, — to ad^raili^ 
tion of the greater part of the heat employed. 

This leads us, tlien, to the consideration of why it i* 
that such a degradation must take place. Perfiaps l^"^ 
best way of studying sutli a question would be to i^ 
— as another illustration of the perfect engine, and Ca^" 
nol's cycle — the caac of compressed ain or some otbtr 
such source of power which does not necesaarjly involve 
the direct application of heat 
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The case of compressed air '\s a very instructive one, 
and at the same time a very simple one. It was first 
Ihofdughly worked out by Joule, and in this way. He 
tooLc a strong vessel containing compressed air, and 
connected it wiUi another equal vessel which was ex- 
hausted of air. These two vessels were tmnieised each 
m a tank of water. Attcr the water in the t^nka had 
beei\ stirred carefully so as to bring everything to a 
perfectly unifonn state of temperature, a sti>p'COck in the 
pipe connecting ihi." two ve.sscl* was suddtTily optntd. 
The cociprcMcd air inimcdiatc:Iy bt^gan to rush violently 
into the empty vc55cl, and continued to do so till the 
pressure became the same in both ; and the result 
was^ as e\'ery one mi^il have expected, that the vessel 
from which the air had been forcibly extruded M\ \i\ 
temperature in consequence of that operation. It had 
expended some of its energy in forcing the atr into tJie 
other vcsficL But then that air, being violently forced 
into the other vessel, impinged against the sides of that 
vessel, ;ind ihns the enei^ with which tt wa^ forced in 
thniu^h the tap was converted inlo heat itgain. Thus 
the air which was forced into the vacuum became hotter 
Uian before, while the air which was left behind became 
colder th^n before. Now, on stirring the water round 
these vessels^ after the transmission of air had heen 
cnmph'tecl, and the stop-cock close^d, Joule foinid thnt 
I the number of units of heat lost by the vessel and the 
I i^atcr on the one side, was almost precisely equal to 
I tlie quantity of additional heat which had been gained 
I nn the ether £ide, 

I He ihen repealed the experiment, — putting instead 
I of two tanks of water, cmc hoMirig each of the two 
l^ong vcMcIfl. one larger tank also hllcd with water, 
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VfHh both vessels buried side b)'st<ic la jti^thcn, on 
allowing part of tlic air to cfcapc^ as before, from the 
one into the ollwr, aiwJ stLrring till c\xO'<Iiing had ac 
quired exactly the same tcmpcrdlurcjic found that there 
wu scarcely any mcAfiurabh: change in tcDipcraturc- 

Thcse experimental methods, thea proved indisput- 
ably that thr qiuntily of heat Irist by l}w one fiart of 
the air was — at least as nearly as that kind of cxpcri- 
nient enabled him tole^t it — equal to the quantity of 
heat gained by the other. Now^ ttiink of thia for a 
mornent, and you will see that the compfes^d air liad 
at iitit a certain capability of doing work. Vou mighr 
lutve used it to drive a com press t:d-3ir-<::igiiic, or you 
miifht have used Jt for prapdling air-gun buHcls, OT 
anylhins: of tJiat sort ; but in its linal stale, when it bad 
expanded to double its original bulk, it had not any- 
iJiing lilce such an amount of available working power 
stored up in it as it had bcfoit. There was, therefart, 
dbsipation of the encrey, or of part of the energy, or^a- 
ally present ; and yet, as you have £cen» the apparatus 
and iU contents liad not lost any heat. 

There was, on tJic whole, no heat lost, because what 
was lost lo tht" one vessel was gained by the othtT 
Jio heat was given out to external bodies, iind no avail- 
able work was done. The air was simply allowed to 
expand — to chan^je its bulk — without driving out 
pistons, or doing anything by which it eould convey 
woik to external bodies. It had, therefore, at hiT 
precisely ihc same amount of cnc^rgy as at first : anJ 
yet of that not nearly so much was avaOablc. The air 
had seized at once the chance given it of diasipating 
part of ua energy, and did dissipate it, as far a* ^^i* 
eompatible with the circumstances of Che arrangement 



Nov.' the real!/ curious point about this ts, that in 
order xo rest:>re the lost availability to the enei^ of the 
air, — to get ihat air b;rck into its fofiner condition, so as 
to be capable of doing- as much wor)c as it wb^ capibic 
of doing at first, — it would be necessary to spend work 
upon it, pumping it back from the double vessel into 
the single one; but the amount of work which is so 
spemt ill pumping it back goes to heat the whole mass 
of air ; and when yoxi have expended work enough lo 
force back the air into tlie first vessel from the second, 
you find that the amount of heat which is given out 
during that process — and which can be me3*5iired witH 
great exactness — is almost precisely equivalent to the 
work which is spent in forcing the air bnck. 

Thus to restore to the energy its former availability, 
you do not need to spend any enet^, you have only to 
dpgra dr some. You have spent work and got instead 
its Icjs useful heat-equivalent You must wa^tc a cer- 
tain amount of cncr^, or rather get a bad form of 
ener^ in place of it, in order to restore to the mass 
of air the availability of the energy which it possessed 
originally, and \vhich had been allowed to be lost by 
gradual expansion. 

I can illustrate this in another and very instructive 
vay by taking an experiment belonging to the domain 
of el^lricity. The experiment is, 1 dareaay, a well* 
enough known one, so far as the mere exhibition of an 
(xpciimenl goes, but its really importai^t feature, its 
«rplanntion as bearing upon the principles of energy, 
*nii cupecialiy upon Carnot's results, does not appear to 
H*. at all events, very generally known. I have got here 
* couple of Lcydi^n jars, and contrary lo the usual 
P^QJCtJcc, their exterior and intciior coating arc both 
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insulated The jars arc euppoHcd upon v&mtslicd gksa 
stems. Now, I an! goingf lo chA^c from the electric 
machine only one of those two jgrs. Vlt^i of all, we 
shall chaise and discharge it ; and you will be crabled 
to judge rcughly the amount of work which corresponds 
lo \\s TtjII charg<- by th^ sound and !»ght of Ihc spaiV. 
Aflcr tli^t 1 sliall cbiEirgc Jt again a» nearly as possible 
to the same amount, and then share the charge of 
electricity between the two jars, by puttirig first their 




outer coat mgs together, and then thetr inter coating*; 
so that Ihr charge shall be divided cfjually (because o( 
their equality) between the two. Yuu now obtain 
(showing) from the sound and light of that dischar^ 
spark an idea of the amount of work stored up in the 
j^-irwhcn charged. Now. the jar being charged ag^n. 
I simply place a chyiti ever the two outer coating?, ii*wJ 
then I connect the interior coalings by means of til* 
discharging rod. But you will notice that a. apaf^ 
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ffses during that process, \ow, no electricity has 
^appeared, for the jars and discharging- rod arc, all of 
em, insulated. Hut by 3L'paraling the two jars from 
le another, and discharging them separatelj', you find 
|«e is a charge in each, and that rhese are as nearly 
t posablc equal, so far as can be judg^ed by the appear- 
ftCc and sound of the dbdmr^cs, IJut you must have 
otEced, also, that of the four sparks which you have 
IS! heaixl and seen, the iirst was very much the stronger ; 
C made by far the grcrater noise, and it wa.s al.so the 
ongcr and more brilliant. The second spark was the 
l^xt in tirder of magnitude, and the two final sparks, 
u ^t should have expected, were about equal, but not 
It all comparable in intensity, even to the second one, 
yifluch was weaker llian the first 

' Now, this is a beautiful illustration of exactly, or 
almost exactly, the same principle as that I have just 
^vplaincd> When X had the full charge of electricity 

title oac jar, there waa a certain definite quantity of 
W, for want of precise knowletlge. we provtsionally 
Wll positive clccti it;ity, in the inner coaling, and an 
'«p'*l quantity of nc^^ativc electricity was m the outer 
*f<aa"ng. Then, when 1 connected the outer coatings of 
fte charged and the uncharged jar by meana of thfe 
*fei^, they furnied, as it were, the outer costing of a 
"^Ic jar ; but in oixicr to make the two inner coatings 
j*<*rwpond in electric condition, I had to put the dis- 
itfiarg^niJ-rod between them, and you noticed that I 
**»jld not do so without allowing a spark to pass. A 
*pirfe necessarily passirtl during that operation, at least 
"did 30 when a short stout metallic disdjarging-rod 

?kw, that spark represented a portion of energy 
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whkh was wutcd — a certain aiDOunt of work doiw b 
producing soouul, light, and heat. Therdbrc, obvtousZ|V 
from the mcxc ^~t that xucti a ,*i]iark pa»ed when [ 
completed the connection between the tw^ jant yn 
saw Ibat cncr^ must have been w»icd* But bov 
codtd the eneifiy be wa^ed when tJtcre was no ffee 
electrjdcy lost ? The ciu;mtit3' of positive titclndXf 
originalty hi the in&idc iif one jar w;Lt ^dmjily drnJod 
between tiAx>jar9; — there v^aa just one-half the ori^z^ 
quantity <A pCrditivcaadooe-half the quantity of nq:ati^ 
m each. The quantity of ciectrictty remained the santc 
and yet tberi^ was a quantity of energy spent duriiif 
the jinicen. Now, tlic dosn^cr is niinply ibb (it «V 
oHginilly m^dc out as a very particular cAse of g^tfl 
general] thc4>rcm3, given fif^ by Green and aftcnvarii 
interpreted and applied by Hdmboltx and Sir ^Uliam 
Thomson!),— that the work due to a charge of etectridij', 
or the work which must be spent upon an elcctiic 
machine (lupposc it wholly goci to producing dectrica! 
charge of a coiductor)i depends upon the square of tht 
quantity of electricity. No matter what the fonn of 
the conductor or jar is, the energy of the charge^ f>T^ li^ 
amuunt of work which it will do, depends^ upon liW 
square of the quantity of electricity. A'cr*' wc ctfl 
understand perfectly our experimental xcsujt. Sup 
pOflC wc call the quantity that the first jar had whtffi '1 
U'a* charged^ one ; then, when t di*icha.Tgpd tt by ibcW 
on the first occasion, you had aspark wliicli correspond" 
to tllc quantity of energy, the square; <^{ one, or OiW 
itself. But when I put the two jars together, and ^ 
di\^ded the charge, so tliat there was only (jne^^Jilf 
the quantity of positive, and one-half Ihc quantity 0' 
negative in each jar, then tlic whole discharge of C^cii 
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fparatc jar^ or the energy of it, was proportional to 
ic square of one-half,— that is» to one-fourth. Kach of 
lese, when the charge had been divided between them, 
:*ntain'?d a fjiianrity of energy equM to t>n:>f<jiirth of 
it original sture, and therefore the two logellier corre- 
■jiKkd only to one-half of that store. Now wc can sec 
H| it was that produced the spark when I was dividing 
ic charge : that spark was the equivalent of tlie othcrhalf 
f the energy, the half which necessarily went to waste, 
^ou got (he whole quantity by discharging' the charged 
W itself ; but in merely putting tlic two together, so a3 
divide the charge, yon wasted one-half the energy, 
tad then the quantities that you had remaining cor* 
lesponded to Iho two remaining quarters.^ 
t Now, in all these tllusLralicn.^ that 1 have ^hown yoti, 
+— vrhelhcr they correspond to dissipation of ordinary 
energy^ or to dissipation by sound or friction, or even to 
l^e production of heat, light, and so on, by electrical 
^Mcliargifa, — In all these cases, you notice that there is a 
tendency for the useful energy, whenever a transforma- 
|li»n takts place, to run down in the scale, — that, the 
IQantity being unaltered, the quality becomes dcterior- 
*lHil, or the availability becomes less; and from simi- 
Wfcsuhs In ail branches of physics wc ate entitled to 
*Tiuatiiilc. a* Sir William Thomson did very early after 
^cacw idcaa were brought into full development, the 
inciple of Disaipation of Energy in nature. 

principle of dissipation, or degradation, as I 




itmd vf the itoui. aliorl difchafging tod 1 hod used n 'cry long, 
LTC (or o<tiflr convlucinr 'if gr^'' rfiiitnncc, such as, for instance, a 
■ottliCT ijf ijcjsin" pining hand^), Tlic seamd <ipark niichl hiiirc been 
^iatnl Indefiimtiy ; l>ut ihcn iht wa^lp hR[f of the cncigy urjiikl Iiuvc 
'Pptirid a« he« in the vire, or in th« phyeiDlDgii^tl cJTtcEs cA llie aliocli- 

E 
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should prcrcr to call it, is simply thb, that *» cvcff 
operation goin^ on in nature involves a tranaCormatioa 
of cntrgy, and rvrry 1 ran «ifr> miction involves s ccrtam 
amoLUit of dcgradatk^n (degraded cocrgy meaning: 
cncrg>- Icaa capable of being transformed than bcCorttr 
mcrg>' is continually becoming k«s and less traiis- 
formablc* 

A^ loti^ a^ ihrrr arc changes gning on in Nature; tiv 
energy of the universe is getting lower and lower in the 
scale, and yoL can sec at once what its ultimate lom 
must be, so far at all events as our Icnowledj^e yet 
esetendft. It* ultimate form mtist bo that of heat » 
diffused as lu give aII bodies the same teinpc-ntufc 
Whctlicr it be a liich temperature or a low temperature 
docs not matter, because whenever be^it is so dif^uioi 
as to produce uniformity of temperature, it is in a con- 
dition from which it cannot raise itself again. In «rda 
to get any wurk out of heat, it is absolutely nettwiO' 
to have a hotter body and a colder one ; hut if all thf 
energy- in the univcrec be transformed into i^cat. and if 
it be all in bodies at the same tcmpcratute, then it i« 
imposiihle — at all events by any proccNs that wp knv*' 
of a* yet — to raise the smallest part of lliat aicrgy inW 
a more avaitabk form. 

Having seen then that tliis mu£t be the ultimate end 
of all the energy in the universe : that — so long at ai 
events as those 1 have just been cxjtiamfng rrin^ 
physical laws— this is the consequence to which thcy 
must lead, it becomes a very neceasary inqjiry — Whence 
IS it that the enormous quantities of ener^^y which iff 
made use of. evLii on the surface of our dinilnutfve 
pl.inct, are supplied to U3 ? What are our jjriuLipil 
sources of cncigy, and how do wc transform the su^pli» 
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>ey Afford us £0 as to make tb^m useful for various 
ractical purposes, ^^speciallj' the most practical of all, 
-ihp prjttit-il one of living, whiclin stJ far is mere 
[tolity is concerned, is ecftalnly a purely physical 

Well, the muscular worlc which an animal does, and 
le aninwl hrat which it gives out (in much larger 
^uivalciits than it ilocs muscular work), these of course 
|H|1] ki>ow arc due mtiinly to food. In such a term 
|IE6<1« I include not merdy solid and liquid food, but 
\so (and this H very important) the gaseous food wliieh 
re inhale. All these may he dashed under the genera! 
illc tif food. These being taken in, wc have certain 
ithcr things which -irc got rid cf» such as carbonic acid, 
vatcr. and so on. These you m;iy call the aslies of our 
ixid ThciC have, in their chemical relations^ part of 
iTie degraded ent-rgy of the fuod wliich was taken in. 
fhc non-degrado^ pajt of the energy corresponds of 
bourse to the muscular work done, and the store of 
iQiBcIe, etc, bid up in the system, 

Now, if this process were goJng on continuously 
Ibcrc wonM be constant using <jp of the oxygen of the 
MniDsphcrc by its comhination with part of the food, 
Wrf production of the (to the animal) useless, or rather 
jpcitncious i^s, carbonic acid. X^eave this part of the 
iqnejttofi a£ a dif^culty for the moment, — that ive should 

Sihr nvyjjew cif the air gradually t.iktii up, and its 
sap^jlicdt at all events to a great extent, with car^ 
acid gas, in which an animal could not live ; — 
jOillwe bavc this furilier cjuestion. Although arimab 
«ay live to a great extent upon animal food, yet if you 
Ifo 00 from man, who consumes a certain kind of 
\\, uhilc tlmt animal also consumes animals, and 
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HO on, there muit he either a cye^c in whicb tlie Utf 
aninuU contumo m^ti, or an infinite range a« it were of 
animals, m> that all could live on animal food I 

WekncnrthBtit is not so, that therein a lai^cbaef 
aoinulfl which consume only vegetable food. Now, it Is 
(o ihc wonderful (lifftTcncc between tile Jjiplication of iIjc 
Uvrs^nd jjiuteiicsof ciKn;y to ibc nutiiiiunof ;iniiTjiiISt 
and that of vegetables, that wc arc indebted for tlsc ex- 
planation of the dilfictilty which I have juat pointed out 
to you — what becomes of this large <|uantity of carbon'c 
acid gas, which in time would. If not got rid of, kill oS 
all aniniaUp cither by direct poisoning, or by depriving 
tlicm of their oxygen. The explanation is simply thits, 
thai the animal lakes in the oxygen, and with it animd 
or vegetable food, giving out the objectionable carbonic 
acid gas ; but, on the other hand, the plant takes the 
carbonic acid gas, with water and other things, and 
works it up again, — gives back the oxygen to the air, 
and stores up the carbon, etc., in the form of v^jetable 
fo*:>d, \ipon which many animaU live, and In their tuin 
bccomu miin's food. 

Now, it is quite obvious that if plants were not asaistrf 
by some external auppiy of energy, here would be some* 
thing equivalent to the perpetual motion on ihegrandcrt 
conceivable scale. If the plant were capable, merely b/ 
its own peculiar organisation, of taking tlic ashcs a* ^ 
were of the fuel burnt in the nnimal engine, and w&i^" 
ing them up again into fit and proper food, without 
external assistance, then that process might go on 
Indefinitely, — the animal all the time, lenienibcr, giving 
out animal heat and doing muscular work. 

This would be the perpetual motion on a scale neve"" 
contemplated even by the perpetual mctionists. It ^* 
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E" JUS then that in order to escape from our difficulty 
Je£$ than a contradiction in terms of what we 
Mo be a physical Jaw — there must be some source 
of (Tlcrgy which the plant draws upon in order to help 
It to work up that carbonic acid, etc^ and store up the 
available part of it as food for the animaL 

It wa3 long ^igo recognised^ but first, perhapa, in a 
.nearly definite form by Stephenson, that it was by 
energy suppli^^d in a radiant form from the 5im, that 
plitnts ;vere cnablc^d to decomjjose carbt^nic aciiJ ; and it 
is a very wonderful thing that those so-called chemical 
r&dJAtion^ from the sun, which arc most effe<:tive in pro- 
TDOting ihe decomposition of carbonic acid by The leaves 
of plant-*, are the very rays which are most absorbed by 
, the green leaves. The {jrcen leaves are jiartlcularly 
absorbent of them, and any of you may convince your* 
3clvc^ of the fact by comparing the photograph of a tree 
, in full leaf with that of almost anything else. Jn fact, 
' the photograph of foliage (at all events wJth the 
( chemicals usually employed) is almost Invariably ex- 
ceedingly dull, even black, showing that the chemically 
Utivc rays^ except those which have been reflected from 
llw sorfaces of polished leaves^ have been absorbed at 
once by t!«? green leaves, and in this act have been per- 
forming their function of decomposing carbonic acid 
water. 

factj we may make a rough comparison — it is not 
ujy means an exact one, but it is close enough to bftj 
Bofiicient for our present purpose — we may compare' 
Wighly the animal to the cell of a galvanic battery, 
*tefe you have the virtual food supplied in the shape 
^line and dilute sulphuric acid ; and the cell, by meaUB 
of the electric current it produces, driving an electro- 
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ouenctic cnfpnc or producing li<:at in a virc, jufi a* 
the animal produces intiKtilar worlc or animal heat 
On the oth«r hind, you may rough!}-, with about ^ 
sanie decree of a|vj)foximatc accuracy, cotniiair \hrt 
plant to & cell in which a current of clcctncily. rw* 
nishcd from ^n external source, \^ employed in dcoooh 
IKMJDf^ water, let us say ^^paratinf^ it into its oxy(^Q 
and bydroficen, and producing that h^h form of potoidal 
enrfgy which I exhibited tu you experiincntally in t 
former lecture ; so that tlic inateriat,s, as It were, for the 
battery cell are bcinj; actually separated, and ^ttinf 
their poleottal ene^y j^iven back to tliem in the decocn- 
poaifi^ cdl. That corresponds to tlie pUnL Yob 
supply tli€w matedib agiiin to the cell of the baltay, 
and it :t|;&in produces electric currents, and >d on Hi 
sueccadion. 

But it is quite ob%'ioiis that a process of that tcbid 
cannot go on without a supply of energy from 
without. The raising of energy froiTi the iowcr foiai 
to the higher always requires external applic;itit>n of 
some fresh energy, which ia iCaelf degraded in the pto- 
ce*<. ThU idea originated with Joule at a ver>* eariy 
period of hi« irvestigaticns ; and he pointed out that 
not only di:>c»* an animal n>uch nionr nearly resemble 
in its functions an electro- magnetic en^nc thin il 
rcscmblc3 a stcam-cnginc, but he also poiiited out th*t 
it is a miicli more efficient engine, — Uiat is to say, an 
animal, for the same amount of potential energ>' of food 
or fuel supplied to it (call it fuel, to compare it wiili the 
Other enginca)^ gives you a larger amount converted 
into work than any engine which wc can conaliuct 
pb>*flical]y. 

To nse the vernacular of engineers on the subject, the 
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ity' of an animal CTiginc i* much larger than the 
duty of ;iny olliirr engine, slcam, or dec! to- magnet k, 
or oUicnviic, lliit wc can conMi"utt lo employ fuel, 
— ihc duty iimply meaning the percentage of the 
energy of the fuel supplied to it which it can con- 
vert into the u?efui or desired form. Carefully 
observe hete th^l ihii; dors not neceasarity hold true 
if wc coniempUte water-mills, etc. for there the energy 
9U[>pIied is in general of a higher order than that of 
[ food or fuel, 

I Kow, from what I have said, you will gee that the 

' supply which the plant requires comes from the sun. 

That leads as then lo the question — wliat is the soui-cc 

of the sun's crci^? Now, when with the view of 

LMUrcrmg that question, we malce a few calcuJations, 

^0tind that they at once upset the fir^t ide,i5 thcit we 

!arc likely tn form for our^dve^; on the subject. Of 

Coui^-, (he old notion that the sun is a liuge fire, or 

I something of that kind, is one which wiil only occur to 

one thinking'of the m-itterfor the first time; but with 

our modem chemical knowledge, assistinj; the more 

ordinary physical reasoning whii:h I have ji:st given you, 

we arc rnabJt-d to ^^y that, massive as llic sun l^ if its 

nuttcnab had consisted even of the very best matcriaJs 

for Ci^■inE out heat "ay what we understand on the ter- 

rettrial surface as combusiion, that enormous irass of 

sonie -voOlOOC miles in radius could have supplied us 

with only about 5000 ycata of llic present radiatioa A 

inau of coal of that size would have produced very 

taucli less than that amount of heat. Take {in mass 

equal to the sun *B nna^*^) the most energetic chen»icah 

knowii to uji, Awtl ill the proper proportion for giving 

4ic ercatcst amount of heat by actual chemical comblna- 
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tlon ; and. so far as wc yd know thrfr properti 
wc cannol si^ iTic means of wipplying tlic Min*s present 
waste foi even 50CXD years. 

Therefore, fts wc aU know that ^cologic^ facts, if 
there were no olhers, point to at least as high a radialton 
from the sun as the present, fr>r at all e\'ent5 a ie-n 
hundrec5ji cf dioii^inds of years liiitk,- — jterliaps, as wc 
shall find later, even a few millions of years back,— 
and perhaps also indicate even a hig^ber rate of 
radiation from Ehe sun in old lime tlian at present,— 
It IS <|uitc obvious to you that Ihe fieat of the sun 
cannot possibly be ^supplied by any chemical proctfjM 
of which wc have the slightest conception- ^^^ 

Now, if wc can find, on the other hand, any physical 
explanation of this consistent with our present know- 
ledge, we are bound to take it and use it as far a* wf 
can. rather than say — Tliis question is totally unanswer- 
able unless there be chemical agencies at work in the 
aun of a far more powerful order than anytliing that 
we meet with on the earth's surface. If we can fnda 
thoroughly intelligible source of heat, which, though 
depending upon a different physical cause from the 
usual one. combustion, i^ amply sufficient to hnvc 
supplied the sun with such an amount of heat as to 
enable it to radiate for perhaps the last hundred miJlions 
of years at the same rate as it is now radiating, then I 
say wc are bound to try that hypothesis first, and argue 
upon it until wc find it inconsistent with something 
known- And If we do not find it inconsistent wJih 
anything that is known, while we find it completely 
capable of explaining our difficulty, then it Is not only 
philosophic lo say that it b most probably tlic origin of 
the sun's energy, but we feel ourselves constrained to 
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admit it. Newton long ago told us this obligation in 
his Rules cf PhiUsopkUing. 

The shortest and easiest way m which 1 can illustrate 
this simple thoaph tremendously important step is by 
stating that if we were to take a mass of the most per- 
fect combii^tiblts which we know, — ihosc^ coinlnLstibles 
vrhldi givt th»; ^'reatest amount of energy when 
bumed logetlier, and let it fall upon the sun mcrdy 
from the earth's distance, — then the work done upon 
it by the sun's attraction during ks fall would give it 
so large an amount of kinetic energy when it reached 
the sun's surface a3 to produce an impact which 
would represent 6000 times the amount of energy which 
could be produced by its mere burning. It is, in fact, 
capable of perfectly ea^y and simple demonstraiion, — . 
that a mas* which would produce the utmost known 
energy by burning, would give 6000 times more energy 
by a simple fdl from tlie earth's distance upon the sur- 
face of the sun. 

It appears, then, that until it \s sliown that there H, 
or has been, m the physical universe, at some time or 
other, a greater amount of kmctic energy than can be 
accounted for by the falling together of the masses 
which compose tbefiun, ournaturaland only trustworthy 
nioclc of explaining the sun's hei*t at present, in time 
pa&t, and for time to come. mu5t be something closely 
afialogous to, but not identical with, what was called 
the nebular hypothesis of Laplace^very eagerly ac- 
cepted when it was first proposed — the hypothesis of 
the falling logclher (from widely-scattered di<itribution 
in spac«) of the matter which now forms the various 
suns and planets. We find, by calculations in which 
there is no possibility of large error, that this hypothesig 
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U thoroughly competent to explain lOO millions of year^ 
solar radiation at the present r&tc, perhaps more; 
and it is cApnbIc of showing us how it is that the siuk. 
for chouun<l4 o( y^^T% K^cther, cui part with etic(]gy 
at the enorni»u4 rutc ;tt wluch it 6oe& still part with j^ 
and yet not app^cnt!/ cool by prrliaps any mcaBtm- 
ablc quartlty. 

Now, in corfirm^ttion of this it is well to sisAc here; 
diat not only is the hypoihesis itself capable of ex- 
ptAintng the Atnot^nts of rnei^^y which are in questioa, 
but also rcccnl iinncstigation^ aided by the spartroscop^ 
—of which I shall have a good deal to say in anoUicr 
Iccturc^havc shown us that there arc gigantic nebular 
sj^fitems at great distances from our eolar systenif in 
the process of {phj-sicalj degradation in that very utty. 
by the falling together of scattered rnasstii), and wW> 
immense consequent developments of hcitt by impacts. 
What arc called temporary stars form another splendid 
and Btill more striking instance of it. iis where a sta^ 
sudclenly appear? of the first magnitudej or even brighur 
than the fir?it, outshining all the planets for a month or 
two at a time, and then, after a little time, heccdne 
invisible in the most powerful telescope. Thing* of tlut 
kind are constantly occijrring on a larger or dmalltf 
scakp and they can all be easily explained on this Sttp- 
position of the Impnct of gravitating mas^ea 

Now, holding that 5uch may be the cause of ih* 
enormous amount of radiation from the sun. let W 
inquire tvhat fraction of the whole afier all reaehca o^' 
own little globe. We know what an enormous quantity 
of 5oIar heat reaches the earth, — -reaches even our fiWH 
small corner of the earth. That is of course a vctf 
small part of what reaches the earth's whole surfaw; 
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ut still if you recollect lliat tlie c^irth, ds £crn frcim the 
UO, appears very much less than the planet Jupiter, or 
ven Mars, as seen by us, — thai iSj that it would present 
o visible disc to the naked eye, and that to an obsen'er 
t such a distance as that of the sun it would require a 
dcscopc of stinic tittle magnifying power to show it as 
disc at all, — considering abo that the sun is radiating 
cry nearly uniformly in all directions.^ how much of the 
un*s entire radiations can reach this litde speck at such 
. distance 3s nint-»ty millioas of miles ? You will see, 
hen, tlial the quantity of beat that the whole earth 
;cl3 from tlic sun is of the order of something far less 
ban the two-thousand -millionth part of what the sun 
^vts out. Now, expei'iments have been made, and 
^ciy satisfactory one^, to determini: what ^imount of 
ic&t wc do receive — what amount of cnci-gy does fall 
ipon the carth'3 surface in a given time. Of courae, 
Jicy arc interfered with to a considerable extent by 
Ibsorption of the light as it passes through the various 
ind varying constitiienLs of the earth's atmosphere in 
each region of the globe ; and therefore the most trust- 
Worthy experimental results have been such as were 
cbtained at considerable elevations in balloons, or on 
the top5 of v^ry high mountains, where there is com- 
paratively little absorption. 

Thia instrument, the pyrhcHomctcr, is constructed 
^W the purpose of measuring the amoant of radiation 
from the sun. It Is maJe of silver polished on the 
'Cylindncitl part, and on the b^ck, becau^ie this is an 
'Wttcdingly bad radiator of beat, 30 that the instni- 
'JOcnt lojcs by those sides very little of the heat which 
'4 collects by the blackened Bide, which is a good 
*bsorber and is turned directly to the sua This iittle 




'S* 



TRAXSFOR\rATrO?f OF FXERGY, 



s3vcf vcucl 15 filled with water, and all the radi 
heat and light* cver>'t^in^ i^ the form of radiation t 
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falls upon this lampblack, \s absorbed by it. ind 
degraded into the form of heat and so communicai 
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To the water In the middlt- of the water is the bulb of 

flic tliermoinctcr, whose stem runs dawn through the 
Axis of the ,"vppaiatus. \Vc can adjust it so that the 
blackened disc sJiaU receive the sun's rays pcrpendicu- 
^iy, by a very simple contrivance : — a disc of metal at 
the other end of the thcfmonietcr t;ihe, of exactly tht- 
Wmc sisc ics the first disc ; theii the wliolc being io that 
Ihfl shadows of Ihc two discs coincide, — wc know that 
'tis turned directly to the sun. Take off the cap of 
tJj* insirument for a measured period, put It on again, 
and after the whfle h^s been tliorouglily shaken up, 
*o that the temperature of the water ia the aamc 
llifoughout, read off the rise of temperature as shown 
V tbc thermometer. Correct that for the loss of heat 

^ radiation during the performance of the cxperimenL 
It can be done at once by simply watdiing how it 
B^dtially lo,>cs heat when It is screened from the sun's 
radiition. With this instrument we can maki; a fairly 
approximate estimate of the amount of heat which is 
'^ived from the sun by the blackened surface in a 
^n tmie ; and by comp^ing the surface of this disc 
'^h the surface of the whole earth which is exposed to 
^c 5un. wc can estimate at least approximately how 
'^ucK radiant energy in the form of heat, light, chemical 
*ttion, and so on, conies to u:^ per second frum the sim ; 
**d tliercforc wc can estimate what amount of energy 
**vca the sun's whole surface every second,^that is to 
*^y, what number of foot-poundji of energy the sun is 
'pending per unit of ttme. 

According to Thomson (cdculatlng from the data of 
^ouillct and Hcrschel), the sun's radiation is cquiva- 
■^t to about 7000 hofsc'powcr per square foot of his 
•ijrface — somcwJicrc about thirty-fold that of the same 
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ETra of the furnace of ;i locomotive— and aomcwbeit 
about 5x io>° uvMs of hc^ (c,> leave h» vholc surfaoe 

per ftnmjm. 

In addition to the dau wliich I have just given you^ 
I shatl conclude this morning by giving one of tw> 
others. Let us tatce tlic cjlxc of the euttU's motion ifl 
lU orbit The immcasc mass of the earth moving rDund 
in its circle of over QopoOiOOO miles radius in one yeax'^ 
moving' at vhat we ^liould coT^siJer an enormoJii ratf, 
far greater than tluit of a Ciinnon ball (being in f*ct 
about 80 timc:s ^is great). And yet the whole Icinctic 
cncf^ it would supply, if it were accidentally to im- 
pinge upon a huge target, — as an Armstrong firojectil* 
goes against an iron pUle, — it could only supply by 
th;Lt Trifrhtful cra^h an amount of heat i^qiial to ] h^ !(ud'« 
low m alxmt 80 days. But if instead of l-iWin^ its 
energy of motion in its orbit, you were to tike its 
potential encTCT' ^^ ^ heavy body which, if dbv?cd, 
wouM foil into the sun, and there produce an immcntf 
dcvclopnicnL of hi^^it by impact, the c^lculalion Icscj^ itf 
to this result, that it would acquire, on reaching the 
sun's surface, such a velocity that the impact would be 
equivalent to about 91 years of solar heat. But thf 
planL't Jupiter Is not only enormously more m;[i&tvc 
than tlic earth, but is also very much farther away fro* 
the sjn, and therefore on both accounts it wtiuld pro- 
duce a much greater development of heat if it were W 
fall into thesnn. The calculations made on the some 
data for the pUncI Jupiter give something like 31,000 
years.— that ia to say, Jupiter alone falling int<i the vJ^ 
would supply its present loss for 5:^.000 years to come. 

Then,tliere is one final datum with whidi 1 tfhall con- 
dude to-day, and it is thia :— I shall give more detailed 
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;xplanation of it in my next lecture, but I wish to men- 
ion it before concluding, — that the lowest possible 
^imate which we can make of the capacity of the sun 
"or heat is such that, cooling at the present rate — losing 
energy at its present rate — the sun cannot possibly 
;ool more than a single degree Centigrade in seven 
^ears. It may be, on the highest estimate we can take, 
jne degree in 7000 years ; the data are very uncertain ; 
t)ut we may say that these are the limits between which 
it must lie. Startling as are many of the matter-of-fact 
statements I have made to you to-day, I cannot help 
once more repeating this, by far the strangest of them 
all : the sun has such an enormous capacity for heat 
that it takes at least seven years, at its present enormous 
rate of radiation, to cool by one degree Centigrade I 
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LECTURE VIL 

SOURCES AND TRANSFERENCE OF ENERGY. 

Available Sources of Energy on the Eaith. Whence these hare Ikoi derifed 
Unifbrmitarian School of Geologists- SIrW. Thomson's aigomeulA u 
to the lenglli of time during which Life baa be«i pos^ble on the arlb- 
TraosfiEreDce of Energy — through Solids, Fluids, and tlirougb the Etbff. 
Test of die Receptivity of a body or system for energy in a vibraiory fom- 
PhyucaJ Analogies inlroductory to Spectnun Analysis. 

In my last lecture I considered, in as great detail as 
our necessarily limited time permitted, the origin of the 
enei^y of the solar system. I must now consider in 
part of to-day's lecture a smaller, but much more im- 
portant matter, — much more directly personal to uS|— 
namely, our available sources of terrestrial energy. In 
my little work upon Thermo-Dy nam ics, I have arrangtJ 
these sources in order as follows : — 

First. Our available sources of potential energy, 

1st, Fuel. Under the head of fuel I should include 
not merely coal, wood, and so on, but also all that day 
properly be called fuel — the zinc used in a galvanic 
battery, for instance, and various other things of that 
kind. 

2d, The food of animals. 

3d, Ordinary water-power, 

4th, Tidal water-power. 

All these are forms of potential ener^. 
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Theit, Sffttndfy, m the Kinetic form, we have— 
Ci>) Winds. 

(2.] Currents of vrater,espedaILyc»cean currents ; and 
1tn;iI1y wc have 

(3.) Hot apringa and volcanoes. 

There ate other very sriiall sources known ia us, ex- 
ceedingly small ; but these i have named include our 
principal resources. 

Now comes the question, what ari^the sources of these 
supplies themselves ? T find I have classified them also 
under four he^ds. 

The first is primitive chemical affinity, — chemical 

affinity which we may suppose to have existed between 

p^rtfclci of tn^ittcr from the earliest times, and stid to 

exist between them, bct^tuse these jxirtions of matter 

have not combined with one another nor with other 

matter. If, for instance, when the materials of which 

the earth is at present composed were widely separated 

from one another, there were particles of meteoric iron 

and native sulphur which, when the materials did come 

together to form the earth and heated one another by 

mutual impact, did not combine together but have still 

:tmalncd through long periods of time separate from 

One another, we should consider that the mutual chemi- 

QI potential enei^- of the iron and aulphur remains to 

Was n portion of energy primordially connected with 

lie universe. But of that, so far as we know, at least 

oar ihe surface of the earth there fs very tittle. There 

fiybc towards the interior enormous masses of as yet 

cnbincd iron and uncombtned sulphur, or various 

*r moteriab, but towards the surface, where they 

*^d he of any direct use to us, the qiiantittes of these 

*^ excessively small 
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The scoond source is that which 1 have several timci 
alluded tc^ — solar radiatioD, — and tliat if by far the most 
abundant source we have. 

Then vrc h;ive twu very mMniclive fonrDt, vrx., Uie 
cncryy of the cartli's rotation about its axis, and the 
interna] heat of the eanh. 

Now, if wc take in turn the enumention which I gave 
at first of onr av;iilablc slock, ;ind comji^irr it with the 
sources from which we derive that .itock. hy will cA»l/ 
see how the two are connected with one another. 

First, we have fuel Now, our supplies of fuel ait 
atrm>i;t entirely due to the siin. That is to say. in tiroes 
hing ijiJne liy, the sun*s rays by tlieircnt:rg;>v4sab*)rt)ed 
in the green Ic.ivcs of plants, dccompus<:d carhnnfc dciJ 
and stored up the carboi. That carbon^ and vairioiu 
other thinf^ stored up ages ago along with it, w« have 
•till as an immense reserve fund of coal- 
Then for the foixl of antniab we arc mainly indt^lilel 
to the sun a^'^ln, because the food of ammjila muKt ulti- 
mately be vegetable food, even of the animaln whidi 
live upon animal food Then for ordinary waterpoirtr 
we are aUo indebled to the 5im, because it is mainlf 
the energy uf the r,idKition fruni llit sun iii its Ijcat 
form whicli evaporates watct from the plains or aes!. 
and allows it to be separated again at sudi a he^t 
that it haB potential energy in virtue of its elevaticn. 
Ordinary currentB of water are a mere transformatioiL 
of this potential energy, because water on a heijjht may 
convert part of its potential energy into kinetic cnei^ 
of viaiblc motion a3 it flows down- 
But when wo come to tidal water-power we muM look 
to another source. If we employ tidal power for the 
purpOK of driving an engine, we take it hi the rise of 
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the water as ihe tidc-wavc passes us, Wc secure a por- 
tion of water at a ct-'JtaJii elevalion, wait trU the tide has 
E«i>L- back. aiiJ llicn take advantage of tlic ticscciit of 
that portjon of water. Now, if wc vcrc to go gti doing 
tba( for any considerable period of time, aiid doing it 
over large tracts of sea-coast, we should lind that the 
dTeCt of it in time wcmtd be to grAdually *ilacken tlir 
raieof rotation of tile eaitli ; so thjtt if all our important 
of pOWtr, ftLich as cofd, and direct Aolar radia- 
Tffire to £^1 IIS in great part, and if we were driven 
finally as 4 last resource to use tidal water-power, it 
mtghi come to be a very seriou;; internaEional i^uesTirm 
Tjctwccn those kmgdt^nis which possessed sca-boafd and 
those which had rone. For if itvrcrc largely employed, 
the period of the rotation of the earth might be in a 
moderate period of years seriously affected. And there 
seems tn be 00 known compen'^ating advantage for 
tho^e nations who arc not possessed of an extensive 
aca-bofird \vith.in the 'I'cmpcrate or Tornd Zones, where 
alone this source of power would be of much avaiJ, 

Then we have, next to these, winds and ocean ctir- 
rcpbfi, Thejie are almost entirely due to *iolar radiant 
bent. And, fiuallyn hot sprinj^^ and volciiMneg, which 
have never bccii employed for any direct productton of 
mrk, but which might possibly be so used. Their 
energ)' depends, mainly at least, upon the internal heat 
of llie earth , partly perhaps on poteiLtial energy of 
chemical aflinity. 

So you ace that mainly to solar radiation, but partly 
to the other three sources cf siippJy, are due the various 
Ktoiret of energy which we have at our disposal. This, 
however, is a merr b^ire enumeration, I might spend 
many lectures developing small parts of tliis ^and sub- 
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ject ; but I have given ycu in these few words the large 
headSp and k is scarcely compatible with tht time at our 
dJsposal to iJcvotc luiothcr uouplc of 1cclurc?t to piinu- 
Eog the subject mto its mmutc details. 

The next qucation I take up b this, — mtiinatcly coa- 
nectcd with wliat we have just ccnisidered : the question 
of how long somtlhing liT^e the present state of things 
haa bcLii j^oiiig on on the earth'* surface. This is so 
cxtrcmtlj' iniporlant question, and can be approached 
from various Bides, — ^from the geological side, for in- 
stance, by consideration of the chickrcss of strata, of 
amount** of rro^fon, and ^uch IfVc; but it can also he 
approaclicd directly from llic point of view of energy, 
and ffom that point of Wcw alone I shall now attecipt 
briefly to treat it 

The old notion of what was called the Uniforroitafiui 
*ehool of Geology, was simply thai things had been 
going on and were to go on, both in (he past for many 
millions of years, and in the future for many other iml- 
lions of years, at as nearly a& possible the same uniforfD 
rate, — that we were getting a steady supply of heW 
from the sun, — that even if energy (it was not called 
energy in those days), even if some source cjf supply, call 
it what you like, was disappearing in some portion of 
the interior of the earth, at its disappearance it ^w 
producing say electric currents, and decomposing nifflc 
compound substance ; so that, if ever lost Ly dierutLai 
combination at one place, electric currents would be 
produced, and something equivalent thereby given out 
In some other place, so that the stock should be main- 
tained 35 nearly as possible at a uniform state. 

Now, tliis is totally inconsistent with modern physical 
knowledge as to the dissipation of cnci^. Transfer- 
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mattoTis mu5t be going on now (at least on the average) 
at a much slower rate than they were going ages agOn 
Just as when you take a rcd-hot ball from i\ furnace : 
it cools at a certain rale, but a5 it becomes colder it 
cooU more and more ilciwly. And this is not a nicic 
aj]alog>% but an almost absolute identity, with the case 
of the earth and the sun. There is no doubt that at 
Bome period long ^go the C3.rih was so hot as to be at 
nil events plastic, if not ab>ioKjtely liquid thriDughout 
its ma^s; and there is no doubt that at the pirseiit 
niomGiit, even after ages of expenditure of energy at a 
b^ery ffrcat rate, the sun is still liquid In great part, and 
tvea gaseous in verj' large part- 
Now, wc can apply the theory of cner^, cspedaljy 
[rcraa Camot's point ofvitw, to the state of tlungs in 
■he earth and in the sun. and can at all events roughly 
Kipproximate to the period during which the earth has 
seen habitable for animals and plants such a^ we find 
j^n il now- We do not say, of course, that it was \u- 
ubttcd by animals and plants 3uch as we sec now, or 
ind foaaU remains of. for such periods ; but wc can 
race approximately backwards lor how long the earth 
wts habitable by such, and chat is the problem we pro- 
)05e to solve. 

This subject was taken up very carefully within the 
UC few years by Sir Wiiliam Thomson, and tlie brief 
'iiunu' 1 :;ha1] give of his results cotitaina nearly all that 
\ accurately and dehnilcly acquired to ^ience upon 
he suhjcct He divides his arguments upon it into 
hree heads. The first is an aigumrnL from llie internal 
icat of the earth ; the second is from the tjdal retarda- 
ion of the earth's rotation ; and the thir.; is from the 
iin's temperature. 
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Now, as n-g^rdi; the internal heat of the earlli, v< 
know by actual obscrvati<>ii th^t as wc go dowit at deep 
mine wc find llic tcmpcjsturc almost inv;inably increas- 
ing, Wc know nho that whenever a body i^ hottaat 
one p<iTt than at anatlicr, the tendency of heat is always 
lo flow from the holier part of the body to the colder. 
Therefore, its tliir rflTth's cnjst is iv;irmvr and wanner at 
wc go farther Aid farther down, there must be a steady 
ilow of hcfLt outwardj Irom the interior to the suifacft 
The cartli is therefore even now losing heat at a certajii 
parfectly mcafurablc and calculable rate. But if U 
is losing heat row, we an calculate by known physioT 
laws and kiiowu mathematical pnxc^CA, from lb c pre- 
sent sUte of distribution of temperature, — ac can 
calculate backwards how heat -was arranged a bundrod 
thousand or a thousand thousand years ago, just 3» 
certainly — if physical laws as wr know them row u«e 
in c^iblence in the past — as we can predict from our 
mathematical calculations what will be its distributiofl 
at any lime future, if these physical laws continue W 
hold In working out such a question as this, it i< 
found that the rise of temperature, taken (ovrx ihc 
whole earth's surface) at an average of about one 
dcg:rcc for loo feet of descent, Icdds to this concluAion, 
that aljoiit ten millions of years ago the surface of ibf 
earth had just consolidated, or was just about to con- 
solidate ; and in the course of a comparatively ftf 
thousands of year* after that, tlie surf^ice wlikh hid 
been consolidated had become so moderately wMtn 
as to be fitted, at all events in some part*, for the c>ciiC- 
ence of life auch as wc know it. That ia lo say, ihi^ 
surface temperature, in certain regions at Teast. was not 
greater tlian tliat whicli Is pcrfL-ctly easily borne by 
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uitmala and vcf^etables in the tropics ^t the present 
Jay; anrf the rate of increase of temperatuie in going 

Bm below til*; siirfate w;ts one degree in perhaps 
lyaix inches, or c\'eiy ten inches, or something of 
t aort That would not interfere very greatly with 
the growth of vegetables ; so from this point of view we 
an; led to a limit of something like ten million years as 
the titmosit we t-an give to geologists far their speciilii* 
tions a* to the history even of the lowest orders of 
fossils. 

If wc were to trice the st;ilc of affair* back, Instead 
of to ten millions, to a hundred millions of years, wc 
should find that (if the earth then existed at all, if that 
collocation of matter which we call the earlh was then 
aclually formed), and if the physical Jaws which at 
present hold have been in operation during that 
hundred million years, then the surface of the earth 
virottld undoubtedly have been liquid and at a high 
vhlle heal, so lliat it would have beeri JtterJy Incom- 
patible with the existence of life of any kind such as 
vrc CAXX conceive from what wc arc acquaiiitcd with. 
Thus wc can say at once to geologists^ that gnmtiiig 
this premise — that physical laws have remained as they 
arc now. and that wc know of all the physical Uws 
which have been operating: during that time, — wc can- 
not give more scope for their speculations than about 
ten or (say xi most) Afteen millions of years. 

But I daresay many of you are acquainted with die 
latioiis of I-yell and others, e-specially of Darwin, 
tell us tlidt even for a com ppirativcly brief portion 
or recent geological history three hundred millions of 
j'car^ wdl not authccl 

We say— So much the worse for geology as at present 
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ttoderstood by its chief auiborities, for, as you wUI 
prcficndy *«■, physical f^oasidefations from various inde- 
pendent pninttt of VTfTU- rmdrr it uttrriy iiiipos<;IbTr dut 
morctlt^n tcnorfiftcea milljons of years car be granted. 

You Acc, thco. tliat ihc argument from the intcmstl 
beat of tlic earth depends upon vrorking the problem 
backward£, and landing vrhat is the utmosc Limit of Ume 
back at which the Mirfaceof the earth oiilH po«^thl/ 
have been fitted for tbc life of either animals or plants. 

And this leads mc to say a word or two about one rf 
the mcst remarkable results of investigations of Uii> 
kind, — investigations conducted as purely oiathcmati^ 
problems, and ba^d entirely upon physical expcninnilal 
data, VIE., — upon the observed laws of conduction of 
heat In the gtcat majority of problems where the 
data are of the nature of those we have as to the uadcr* 
ground temperature of the earth, the question of the 
future is a ptrfeelly definite one. If we knew tlie pre- 
sent thermal condidon of every part of the earth's mi^ 
we could calculate what would be the tempcnitute st 
any depth bt-low the earth's surface at any time future, 
provided things went on under the same eonditiond ai 
they arc going at present, and our results would be 
always ptiftcUy snd directly intelligible. Biit whco 
wc tij' to work the problem the other way, when *e 
uk what mu3t have been the thermal state of tlie earth 
at such and such a time past, ilien we invariably, or 
almost invariably, iind a limit of time beyond which 
our equations become ijninteq>retable. So far as our 
equat]cjii& represent what would be the course of nature 
provided the existing physical laws remained true, there 
must have been at this defi.nite epoch of past tmic the 
inuoduction of a new state of affairs, something whicTi 
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arose from a previous state by means of a process not 
contemplated in our investigation. 

In the case cf the cartli there Is no particular diffi- 
culty ill understanding what might have been that at- 
icrior state of a^airs. We can trace matters back to 
the time when llie earth Ha.*( molten throvighoiit. Going 
Cartttcr and faiUicr back wt! come to a dl^tnbuticiii 
(which might be pretty nearly uniform) of heat through- 
out the vhole mass. Now, a uniform distribution of 
heat throughout the whole mass could have had no 
existence for more than an instant, so far as we know ; 
and wc cannot conceive it to have arisen from any pre- 
vious didtributioi of heat in the mass. But we can 
uaderEtand how a high temperature throughout the 
whole ma^ might have been produced by the materials 
cf which the earth is composed falling together. If 
they fell together in such a way tiiat the whole mass of 
ibc earth was agglomcfatcd together almoat at once; 
and if the different parts impinged together with pro- 
perly armnged velocities, it is possible the earth may 
havi: bt-i-n agglomcrateJ together^ so as Lo have for a 
moment llic same temperature throughout, thus giving 
}i% Mcnething like what we have deduced from our for- 
BAulx, But you will notice the state of tilings before 
and after that moment. Before that moment tt was 
Cwld masses of iriitlter, separates! perhaps by millinns of 
vules, or far more than that, but having potential energy 
of pravitiilion graduaLly being transformed into kinetic 
*meTgy of approach. Then^ at the instant of impact, 
<aiDe the critical change- Instead of the cold scattered 
DttSach of matter, there was suddenly an agglomerated 
BMSa of almost umform temperature throughout and it 
^ts been cooling and shriaking ever since. 
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The second of these argumenls of Sir William Thon* 
son depends tipon the ti(1;i1 rctArdat]<)ii. In my first 
lecLure I rac-ntianc^l tn you l]i;«t ^^eTe wa.\ such ao 
effect, and that it litui been actUiilly oUscrved by Aitro- 
nomem in n. very peculiar way ; bccaiuc, on calculating 
back from ttic known present tttotioin of the mooo, it 
yxsks fuand (hut there inu^t be some unrecogii::£c<l ptfca- 
tiariLy in ihul iiuiLiini, wlucb bad ni>t been (lei!ti(T,d ti/ 
calculations founded upon grAvitAtioo, cither ^ attrac- 
tion cr u disturbance. The moon, in fact, .teems to 
have been moving quici^er as time h^is gone on, since tbc 
eclipses of tlie fifih and cigbUi centuries before t>ur ca 
The only way, as Lapl^ice put it^ in which It could be 
accounted foi" in his dmc, v^-aa bywliathc called Secular 
acceleration of the moon's me^in motion-' In ctfctf 
words, the average angular velocity with which tk 
mocin niovf?i4 rnund the earth appc^r^ to have been ai- 
creasing for ihc last 2000 years or more- He aliowtd 
that there was a mode of accounting for this by pkrct 
ary disturbance of the earth's orbit, ard as calcuhwd 
by hitn, tJiis explanation seemed to account for exactly 
ihc amouiil of acceleration which was observed in the 
moori\s motion- Using his formula and the rumlcrt 
calculated from Ihem, and working back to thov oi^ 
day^ we find we arrive at almost the circumsunccs of 
those eclipses as described by historians, 

Fortuntilcly, Adams, a few years ago^ revisal Ll* 
place's in ves titration, and found that he bad nqjlccEC^ 
a portion of tlie necessary tenn^, and that the expl^" 
tiation given by Laplace, when properly corrccuA 
accouniedfor only one-half of the phenomena obscrvird. 
aothat there stiU remained one-half of the tiu^inlxty to b^ 
accounted for. This could not be accounted for by the 
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disturbance of other bodies attracting the moon. Why 
then does the moon appear evcr>' revolution to be moving 
Taster and f:ister round the e.irtli ? Well, the only way 
In whTch we c.\i\ explain it^ after we have made every 
possible aiiowancc for eficcis of dJslurbance by other 
planets, 15 -dimply to inquire, Doc3 our measure of lime 
continue the same ? 

W« measure tlie time of the moon's revolution in 
lerms of Inmrs minute??, ^ind seconds ; but these hours, 
miiiutc5, iiiid seconds arc mciL^urcd for us not by our 
docks, as you may at first think We act our clocks 
by the earth's rotation, and therefore it is in terms 
ci die earths rotation that we measure the time of the 
moon*** TL-volution rouruJ the earth. So thiit the moon 
will Appear to be moving^ quicker round tlie earth, 
even suppoainc her orbit be altogether undisturbed, if 
the earth itself, which is furni&hint; the unit of time in 
which her revohition is to be mrasurcd, is rotating 
dower And slower from ^gc to age 

Then comes the question, Is there a cause which 
icudrt to siacken the earth's rotation? Newton laid it 
down, in his first law of motion, that motion unresisted 
femaim uniform for tvcr, and rtferrecl to tlic carlli a*i a 
pinicuUr instance where there is nothing in the attrac- 
tion of the sun or moon, or the dl'sturbancc caused by 
«iy of the other pbnets, affecting tlic rate of ite rota- 
*icffl ibout its axis, But it was left to Kant, first of all, 
^ poirit out, and even to approximate in amount to^ 
* rcai:}tanec to the earths rotation due to the tide-wave ; 
^ to shovf that the earth, because the tide-wave is 
iHtd up towards the moon, AVtti on the opposite side 
f'oni ihe moon, h;*s <:onstanily to rotate insitlc' what is 
Pnclicatly a fjictJon-brake, Tlic water is held bacit by 
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the attraction %:i tlic »uti and moon, and the Gith has 
to move inside this ahcU of water. There b therefore 
a source of cornt^nt friction, and friction of course 
conctantly proditces development of heat The heal 
must be accounted for by some enei^' tran^ormeil 
and what is here transfonricd h part of the cneiBy of 
the earth's lotalion about its axis. So long aa tiiles go 
on, tlicrc will therefore be constanily a retardation of 
the rate of the earth's rotation. 

Now, let MS 5ee when tJiis relaxation of the eaithV 
rotation would cease. Obviously this would be at the 
instant when the earth at last ceai^ed to rotate within 
the tide-wave : in otlier words, when the tide-wave 
rotates ,iIong wiih the- earth, when it is always full tide 
at one and the same portion of the earth's suifHCc, the 
tide-wave being fixed (as it were) upon the earth's sur- 
face. Hut the tidc-wtivc \a always, approximately at 
least, directed towards the moon, so this part of the sof- 
face whei'c the tide-wave is fixed for ever must be con- 
stantly turned towards the moon. In other wordi^ if 
there were no sun producing tides, but the moon ofly* 
the final effect of the tides in stopping or quenching the 
earth'^t lotation would Uc to bring tlic eartli consianlly 
to turn the same portion of its aurf^ce towards the 
moon, and therefore to rotate about its axis tn the ^i^^ 
period aa that in which the moon revolves about it 
This most remarkable ultfniace effect we see alrciiiy 
produced in the moon, — il is precisely the same tliitig,-* 
wc ace the moon turning almost exactly the iflin* 
portion of its surface to the earth at all times. V^ 
little deviation we see occasionally is precisely ^ 
counted fur by the fact that the moor's orbit is not 
exactly a circle, anL:l therefore the moon does noc 
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move in it with tl;c same rapidity when it is nearest the 
earth as it docs when it is farthest ^w^y from the earth* 
We arc thus, as it were, enabled occasionally to see a 
little round rhe corner. The moan is now routing pre- 
cisely in the way In which the earth wfK In lime rotate 
when as much aa possible of \i& energy of rotation is 
ii5c<l Lip In producing heat by tidal friction. And that 
the moon should already have come into lliis atate so 
long before the ciirth has arrived at it, nceil not sur- 
prise us. The nioon's seas fwlien she had them) were 
cf molten lava, — far more viscous than water; and the 
tide-raiaing force on her surface depended on the mass 
of the earth, some ^ghty times greater than that of the 
moon, which i^ the main agent in our comparatively 
puny tides. 

It being thus established tliat the rate of rotation of 
th« earth is constantly becoming slower, the question 
roincs : How long ago must it have liolidlfied in order 
that It might ha\^ the particular amount of poW flat- 
tening which it showsat pr«cnt ? Supposcfor instance 
it had not consolidated less than a thousand million 
ycirs ago. Calculalicn shows us that at thai timei cn 
tilt most moderate compulation, it must have l>een ro- 
Utiag at least twice its fast as it is now rotatingn That 

Rsay, the day must have been IS hours long instead 
. Now, if that had been the case, and the earth 
still fluid throughout, or even pasty, that double rate of 
rotation would have produced four limes as great cen- 
trifugal force at the equator a^ at present, and the 
JWlcning of the earth at the poles and the bulging at 
Ifce equator would both have been much greater than 
Ift find them to he. 
We say then, that because the earth is so Tittle 
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flattened it must have been rotatirg^ at xcry nearly the 
eamc rale as it \% now rotating, vhon it became soUd 
Thercfbre^ as iU rati; of rotation h tiiKJoubtedljr ^ 
coming tifUiM'iT jx\d slower^ it caiiitot IiJivc htxn many 
Diillions of yean back when it became solid, cIac it 
irould have solidified into »dmcthin(: very much ilattcr 
than vfz find It. That orpument, taJcca aloncj with th« 
dm one, probably reduces the possible period which aa 
be allowed to geologists to somc-lliing \cs>> llian ten 
millions of years. 

Then comes the third argumcrit,— it is not quite « 
emphatic in its demands for restricted periods as cither 
of the olher two, — the argument from the length of 
lime that the sun can be imagined by Us radianun to 
liavc kept the earth in a state fit for the habitation of 
animals and vegetables. The arfrumert from this poiflt 
of view, I say^ is not so trenchant as the otiicrft, because 
we can imi^ginc tlial when the .sun was immenst-ly lioL 
as It must have been at some previous time, — tucr- 
mously hotter than at present,— wc can imagine thai 
one effect of its heat was to throw off from its ayrfact 
such enormous clouds of absorbing vapour, whidi cooloi 
as they left the surface, ihal the cfiective aim^tjnt of 
radiation reaching the carlh might not have been greater 
than at present. So it is possible to conceive a ul> 
formitarian state of radiation from the sun i^-accounting 
for it by saying that when the sun was lioitesf snd w3J 
radiatiFig (he mtist, it w^s simuitancoLisly raisinB tiw 
greatest amourit of obstructions to the propagation cf 
nidiations from its surface. A similar arj^mcnt mfgM 
of course; bc deviled with reference to the greaitf 
amount of vapour whidi increased solar radiation WQl^' 
raise to be condensed in the earth's atmospliere. How- 
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svcr, if we make the sTipposiiion that the stin has been 
rooling even at a uniform rate, we find that this mode 
jfcalcnblfOH Icrads u^, in ?ipfte of the Enormoiig amount 
sf heat wliich must have been pioduccd in the sun by 
;he impact of its materials when they fell to^^ctiicr, to 
Jie conclusion that on the very highest c^mpiitation 
xhich can be permitted, it cannot have supplied the 
tuTih, pvcl^ at llic present rate, for more than about 
lirtccn or twenty million ycars. 

I This, I again say, is not so trenchant an argument as 
[cither of the other uvo ; but the conclusion from these 
firee arguments i^ no% as some of Thomson's opponents 
Won to iniagine, only asstiuug aa the wcakt:4t of the 
hrcc. In order to upset the conclusions drawn from 
Ehera, it would be necessary to disprove two of these 
BTgumentfij and greatly to damage the third. But each 
eJ these arguments h quitp indopenderl of the other 
wo, and is — for all tend to something ab*:mt die same 
To the effect thai ten millions of years is about the 
Whnost that can be allowed, from the physical point of 
*ficw, for all the changes that have taken place on the 
ttith's jiurfacc stnce vegelabtc life of the lowest known 
fcnn waA capable of existing there- 

1 leave Ihis part of the subject for a time. This has 
liwn a developed application of the theory of energy 
loilie solar system tirst, and then in particiTlarto our 
*»n carlh. 

Now, I pass to one or two other appllcalionsof the 
^cond law of thcrmocJyiiiimicsj especially in tlie beau- 
ifai part of it famished by Camot's reasoning. We 
i*re now to take up the con ^ii deration of tlie transfcr- 
5oc cjf enci^y from OJic body to another, not the 
teajEC of energy from one part of a body to another 
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portion nf the «ame body. Thar is In th« maia die 
([ucstion of tlic conduction of heal, to n-likli I stuU 
devote another lecture But now wc arc to spcalc oT 
the radiation of heat and light from one body to an- 
other 
3ut bcTore T take up tliat T shall direct /our m&- 




tion to one or two cjcpennicnts, some of thrrm !or.:: 
known but at their epoch hardly explained, others oaiy 
recently made. 

Flfit of all, let us take as the medium of communici' 
tJon between two bodies : — the medium through whi^li 
the energy is to be transferred from une body Uy in- 
other :^a wooden framework such aa tliis. I have 
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Iwo pendulums with very massive bobs suspended from 
it, ard have carefully made these two pendulums as 
nearly as possible of the same length, 30 that Iheir 
timra of vibration arc as nearly as possible the same. 
]kith pendulums arc now at rest, but suppose I set 
one to vibrate, leaving the other at rest^ you will notice^ 
if you watch the secord for a short time, that it begins 
to vibrate in ifcs him, and as time goeji on it swings 
through larger and latter arcs of vibration, till at last 
the first pendulum is reduced to rest. Now, this is 
quite obviously n case of transference of energy from 
one pendulum to the other, effected, you will see, 
through the wooden structuie ; but it has been effecled 
thus completely on account of the simple facL that the 
two pendulums had been (as it were) previously tuned 
together and made to vibrate in precisely equal times. 
We shall presently try the experiment with the two 
pendulums not tuned together, and then you will see 
that there may be transference of energy for a few 
minutes, but it will be far less complete, and in the 
eourse of a very short time tlie whole will be given 
"back again to the fr^t pendulum, and so on, In the 
case before us, a short time will suffice for llic whole of 
the energy to be transferred from the one pendulum to 
the other, and it will then be just as if wc had turned 
the whole apparatus round through two right angles- 
You wtll have the second pendulum vibrating with the 
vliolr origiial cnci^y in place of the lir^t, then the 
tran:tferencc will go on again in the opposite direction, 
and the first will get bai:k what it lost, except what has 
been tinavoidably dissipated in producing air vibrations, 
nd In producing heat in the materials of ihe frame- 
HTork, which is not a perfectly elast-ic body, and all 

M 
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throughout which fnclion and various other dUtufb* 
ing CA[Uc« o^Kvatc Nnticc particuWIy thAt ihc niix5c 
cf trAfi^fcfcncc in this cn:(c ii through a solid body, and 
that it is nimply by vibration of the solid bod>- thnE it 
ius been effected. 

I pa« from the consWeratioa of tranifereace through 
a solid hady tc> transfcrctio! I>y a ^axcaus iKidy; ind 
wc ahall easily nrall»c precisely the same effect ^y 
mi^ni of a coupk of tunin^'forksL These iorUi irt 
tuned preciitely to the «ame note. They are furniih^ 
with reionatin^t cavities to enable them to cx>mnmnh 




catc to the air as much of thdr ener^jy as possible. If 
I set one in vibration, thv effect of the resonating c^vitf 
ts to enable it to set in lively motion, al its own period 
of vib/ation, the air surrounding it. But here is another 
cavity which is tuned lo that particular time of vibrt- 
tioa The tuning-fork attacIieJ to it is also tuned V 
precisely tlie same.- note, and now wc find that when 1 
first of all start the first tuning-fork, llicn turn it *»*> 
to place its resonating cavity with the mouth li^'ifti* 
the mouth of the resonating cavity of the other, througtj 
the gas-filled space between the two, there is a tran*- 
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ferencc of energy which is such thai if, ciftera aecond 
or two, I suddenly stop with my finger and thnmb the 
vibrations the firit fort once for all, you will hear the 
other resounding with considerable loudness. The 
transference of cicrey lias here been made through the 
air inste^icf of through a solid body, as in the case of 
the wooden frAmewoi'k connecting the pendulums. 

I now call your attention once more to thc^sc pen* 
diilums, becciu.se the first has again handed over the 
greater portion of the energy to the second. My 
assistant will now put them out of tune, aad we will 
try the experiment again. 




Connected wilh these, and lo be explained on precisely 
the same physical principles, we have another strikingly 
tlluatrative experiment Consider this third arrange- 
ments Inhere we are to have the transference of energy 
cttcctcd, not as in the case of the pendulums, ihrougli a 
solid l»r, nor as in the case of the tuntng-forl^ through 
tbc gaM-ous medium between the twoj but simply by 
magTictic action : — force acting between a couple of steel 
bar^ ; an action which, as you all know, is not affected 
by the interposition of any non- magnetizable body 
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ivhatevcf, and which is a« energetic Through what w« 
call a vacujm as through air. These bar magnets arc as 
nearly as possible of ct^uM mass, ard aic supported by 
fltriDgs or wires of equal length. If 1 take one of them 
away, the time of oscillation of the other will be the 
F^mc, whichever I take. In Ihoir position of cqulli- 
hrtum they h-^ng m the same h^mxnnt^t line. Noir 
they arc both »t rest at this momenta Suppose J com- 
municate vibration to one of them in the direction of 
its len^h, Vou notice how very rapidly the energy ii 
Iransft-rrvd from the one to the othw. Tht? magnet 
which was at firsts! le^t hds ilowi;ained the greater [lart 
of the energy, and in tbc course of a very few iteconib 
more you will sec the other has lost h alL There it is ; 
absolutely at rest for a moment ; and now the procesft 
re-commtnces ihc other way. After exactly the cant 
interval of time as Uiat wliicli elapsed rrom the cdiiV 
menccmcnt of the experiment lo the instant of thfi 
first magnet's being brought to rest, the second wiU 
be brought to rest in its turn. There it tK at reit no* 
— for fl" instant only \ and ttie«iame transfcTCnce willgC 
on again indefinitely. Now, what is it that conveys lie 
energy in thts case ? The transference of energy is doe 
entirely to the magnetic attraction of one of those hart 
for the other; because^ though the apparatus is con- 
structed suspiciously like th^t which T employed a frw 
mintitea ^o for the pendulums, the ma«sc9 of tlic^ 
bar3 arc not sufficient to produce any apprctiabic effect 
upon the supporting beam, so that it would be impos- 
sible, if we were to demagnetise these bars, to obtain aa/ 
appretiablc tran'ifcrencc of energy from the one to llit 
oilier. This thcci is transference of cnergj* from otic 
body tc another, not through a solid, nor thnDUgh a gxa» 
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IS in our recent experiments, but through the magnetic 
medium, whatever that maybe, — what Clcrk-Max^cIl 
has given us strong reason lo believe is the same medium 
sl& that which conveys hghl and radiant heat. So we 
have here, as it were, a third mode of transference of 
energy fnim one body to another; aiul this resemble!* 
mui^h more nearly than eitlicr of Uie other two the cases 
to which I am about to proceed. 

But before 1 so proceed, you will notice that I have got 
the original pair of massive pendulums on the wooden 
frame put out of ture, and you can now study how the 
oscillations are handed on from the one to the other. 
You ace that the transference, if any at all, is very much 
more slight than before, and not only is it slight, but 
after a short time it ceases to ini!rease. The energy 
of the second pendulum is sometime'^ filling and some- 
times increasing, but it never rises to any great per* 
ccrttagc of what remains in the first In fact, because 
of the dissimilarity of their periods of oscillation, the 
one eomes sometimes into a position in which it can 
gain energy from ihe olher^ and a aeconcl or two later 
it puts itself into such a position as lo lose energy, and 
so on backwards and forwards; whereas, when the t^vo 
ftete Itincd almost eisactly to one another, if they were 
It any instant in such a position that the one was giving 
WAM^ lo the other, they would remain for a vctj" long 
|^0od In such a relative position. The one would 
always be throughout that period in the most favour- 
able position for communicating energy to the other, 
and this solely because their periods of oacilladon were 
alike ; whereas, when Uietr periods of oscillation difTcr, 
the one is sometimes getting away from the other, and 
sometimes getting pulled back. 



AU of you must have nctkcd thi« in ibc nn^ng of i 
masavc bclL E^xrn a child can ntug an iramcriM^ly mu- 
ttre bell with veiy slight apphc^tioii cS force, provided 
he persevere! In pullii^ exactly xt the pcDper momenta 
Just as the bt^ll is abcmt to deoDend, let him pull, «o aa 
to quicken the ni»tit>fi. but let him sbcLcn wlicn the 
motion b such that a pull would tend to »top it. By 
wailing till the exact moment, aod properly timing the 
Impulse, he is capable of f^vfng Urge oscillatlona to » 
mass which oihcnviif he H almost tnc^palilo of setting 
ia modoiL 

In the *amc way it is possible to check it by applr 
ill(j retardations exactly at the proper moment. Thii 
would be at exactly cqyal intervals of time, ^ep^cfiCT^ 
jng lb(^ vibration of the bell if it were Icfc to iiself- 

Thus ail these experiments depend upon the liw»- 
Terence ef energy in a kinetic form between two hodiei 
and the test of the capability of the one for receiving the 
eiter^" which is sent out by the other is this, that the 
natural undi&Lurbc^d timers of vibration of the twrj h.i6l^ 
shall be as nearly as possible prcci^ly the same- 1 
have not time to enter more deeply into the subject t^ 
day, but I ehall endeavour, in the few minutes which 
remain to me, to skt-tch brit'rty what h lo be «nr appli' 
cation, to modem science, of thc»c purely mcctionical 
experiments. 

Suppose we have a substance which, instead of Rmog 
off sound, in consequence of its vibrations^ ift vibrating 
so rapidly as lo be giving off some (larticular colour of 
light or of radiant heat. Then the substance which 
will be best qualified to absorb tliat particular colour of 
light, or of radiant heat, will be another body of pre- 
cisely the same kind as the firat, because the two sped- 
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mens of the s^mc mittcr will, under the same circuTn- 
nances, vibrate according to precisely the same laws ; 
and therefore tf you define a particular bean of light 
by havirg it sent out from a particular substance which 
U rendered incandescent, another specimen of the same 
uubstaDCc wiU find in the beam precisely those particular 
mines of vibration which moat aptly suit it, and there- 
fore will be best iitted to absorb them. 

This is, briefly, the dynamical principle at which 
professor Stokes arrived more lliaEi twenty ye^irs agOj 
and which, if its applications had been properly pursued 
at the time, would have given us ten years' start in our 
knowledge of celestial chemistry'. Stokes" illustration 
was this : — He imagined a space, such as this room for 
instance, tu be filltxl with tuning-forks (with resonat- 
ing cavities let us say) or with pianoforte wires stretched 
^out in all directions so as not to Interfere with one 
another, but as nearly as possible to fill the whole space. 
If all the tuning-forks, or all the pianoforte wire*, are 
tuned to tlie »ame note, that arrangement will form a 
medium which is capable, when agitated in the simplest 
monaer, of giving out only thai particular note. Set 
all the tuning-forks to vibrate, ihey all conspire to 
strengthen one another and giveout their one particular 
bote, and that note only. On the other hand, when you 
use that afrangemcnt not as a source of sound, but as 
a medium through which yog endeavour to make sound 
paas, then from what I have just shown yon, you will 
obviously find it to be particularly opaque to lliat par- 
JcuUr note, and to that note only. Suppose a pcr- 
ormer with a powerful instrument (^uch as a cornopean) 
placed alone side of the room, and alistenerat the other. 
Then let the player play any note he pleases except tile 
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note belonging to lli« forks or itnDgs. tb;it note uill 
be heard In full intensity, except in so far as the string 
(merely as obstacles) intercept the jassa^c of the sound. 
Such a note will be beard almo&t as powerfully en ihe 
other tide of the room as if there had t>ecn no tuning* 
fofVs or wirt'S present. But as soon a* he plaj's the 
particular nocc whklt belongs to all the forks or ail the 
stringy, itcomcs to bejuat the question or the pendulums 
or magnets, or the two tuning-rorks which I have juA 
shown you. Thcconienti; c^fthe mom ^r^iditally abftOfb 
each ai portion of the sound whicli rciichc.*( it, and arc 
set into vibration by it. If there be enough of them 
they take all the energy of the sound, and of course 
completely prevent the sound from passinjj through 
Uie medium, except in &a far a^ they give it out ihcm- 
dclvcic 

Here, then, is a medium which of itself can give out 
one definite note, and ont note alone, when it is ^ 
source of sound ; but which, when it is employed ^ 
a sort of sifter of sound, can sift out from a mi^cd oi 
confused sound only that particular note. That liicn 
IS mechanically or physically the analogy to vhicli 
we shall have to reduce the fundamental principlwof 
plectrum analysis. 



LECTURE Via. 



RADIATION AND ABSORPTION, 

HiHATy ftf llie dificovfliy of Ihe PtiytiLiI Bona of Spcttfum Atmlyti^ First 
mull oi Speittvm AntHjiii apptlKl tif iiDii-LPmalrlal budict ; — TIlctc a 
Sodniiti 1^ ih Lhn Sliu's AUDDsptu?rt. ELaboralc fxpcriincnla ot ijitwarl 
■nd K^rohhvC Manlitrof l-i^bt and Rcdlfui; Huii, Di^tLQCtivc c^a' 
tHtcn of n pvtivulur ray. ApplicAtum of CutLDt'a ptindplc la catabikh 
ibc fijiEolity of mdinEuig mid &1ucjrbJn|£ powerit. BlEick, lrA&aparcnt» juid 

I ENDED my last lecture by considering various modes 
cf trAHfiference of energy of vibration from one body to 
another, 1 took in particuTar three ci^ses, in the firsr 
of vrhich the transference took place through a solid 
body, in the second the vt^hicle was ordinary air. and 
jjbUie third case it was the medium which propagates 
^fpietic ;ind electric actions. But in every one of 
tbcsc cases we found tliat ihe comlilion which is abso- 
lutcly necessary for a complete handing over of the 
tue^^y of one vibrating body to another, whatever be 
lh« Intervening medium of communication, was that 
the time of vibration of the second body should be 
^djustcj to be exactly equal to the time of vibration uf 
the body which had tlic cnc^y at first. 

1 tlicn went on to suppose a finite space to be hlled 
l^tb a number of such vibrating bodies, all tuned (as 
tt were) tft vibrate in precisely ihe same time ; anJ I 
showed you ibat if we considered a sp^ce so filled to 
let as a medium, it would be such as when set in 
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vibration would i;ivc one perfectly definite soiind, or 
note of one definite pitch, and that it would be com* 
perenc on ihc other hand to absorb precisely that 
particular note and no cjtiier All ailicr mu^iuil ^tuundt 
vrould pa«A ilirouerli it without marked interruption 
(unless its transverse dimensions were very G;rcat) ; but 
if that part icu!;ir note were played in its ncif;hbourhoo<Ji 
none of it* vihr;itiun5 could pas? through the medium. 
They would, if the me^lium were only deep enough, be 
entirely absorbed and rct<ijned by the cncdluni. 

Now, that is the dynamical prtncrplc which led Pro* 
fessof Stokes, about the year 1850, to the first distincC 
smtidpatory statement of ihc physical basis of spec- 
trum analyse,*^, lii ordi^r that I may make quite intcil^ 
giblc to yon how he made tht^ application to the analc^ 
between the behaviour of certain bodies as regards tifT^i 
&nd the behaviour of those luning-forks and strings as 
rq^ards sound, it will be necessary for me to nuke a 
alight digression. That digression has reference to tlie 
different rcfrongibilities of the different colours or wave- 
lengths of light 

It wa* one of Newton's simplest and yet grcilcst 
discoveries in optics that when a beam of while *ui^ 
light passes through a prism it is divided into its varioai 
components. The components have diftcrcnt wave- 
lenfjthif or different times of vibration^ or ditVereni 
refrangibilities, — for these three properties vary togctliti; 
— in virt jc of which tlieir palJis, when they pass out cf 
the glass prism, differ in direction ; and therefore they 
all spread out from each other into the graduated scries 
of colours which Newton called the solar spectrum, 
Newton's first method of forming the specttiim was 
complete so f^r as the object he had in view was cool- 
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crncd ; but it is not suilicjent to crablc us to make 
at acarching scmtinyof tlic composition or sunligJit 
.'hich filone woitld enable us to tc]L whether certain 
oclly definite coloured rays are wanting in it or rot. 
n order to achieve this it is absolutely necessary to 
akc aome optical arrangement by wlilcli no two por- 
ns of coloured rays of different rcfraiigibiiitics sliall 
allowed to overlap one another (as it were) in the 
pectrum. 

Newton's first method was sTniply to cut a round hole 
n the windoW'Shutlcr of a dark room, and allow the 
earn of sunlight which entered by it to pass through 
is prism, and then to be received upon a white screen. 
fake, then» the .simplest po*isihjc supposition, so as to 
vc cooiplcxity at the commencement of our explana- 
; — suppose that there were only two distinct kinds 
homogeneous light m sunlight,— that it is made up, 
or instance, of homogeneous red and green in proper 
portions to make white By this mt^thod of ex- 
jcrimcnling wc should have had on the screen, before 
ia^crtin^' the prism, a circular spot of white sunlight 
After the interposition of tlie prism this would be de- 
composed into two circular spots ; 3 red spot depending 
pn the one Und of light, anij a green spot depfridin^ on 
he other ; both displaced (but the green most) from 
he original position of the white spot But, as wc 
mow. £un]ight consists not merely of a particul:^r kind 
rf red and a particular kind of green, but of almost 
yciy siiade ofcolour intermctJiaTe beiwetn and bcyoiid 
besc limits on each side; and it is therefore evident 
hat the method gives ^upcr-position of equal round 
pots of light of graduully increasing rcfrangibility, 
kb their centres arranged continuously (or almost 
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€Ofttijiuou»)/) along a straight line on the «rccn; « 
that there muat be a constant overlapping of a ifreU 
many of these succcsaivc spots at any one point of the 
jpectrum, and therefore it miivi hr pr;iclir;illy impuo- 
«iblc hy this method to detect the absence of any one 
particular shade of colour. 

Now, though the optical method which Newton' 
devised for the purpose of avoiding tlits difficulty Is 
a very simple one, it deserves a word or twu, a* it will 
help yoLi to understand the cxpcnmcntal illuatratDOni 
J mean to ^vc in my next lecture. Instead of uMi^a 
round hole we now use a narrow slit wliose sides afc 
perfccily parallel to each other, and which can be made 
(by proper ncchamcitl adjustmifnt) ii% widt: or as nairotf 
as wc chooAC, TIk light fioni the ^un or cicctftc lanp, 
or whatever source wc employ, comes through this sEl 
as a thin sheet, and falU upon an achromatic lens ; tbat 
Is, a lens which behaves in almost precisely the wmc 
way to all the dinTcrently coloured ray^ falling upon iL 
It is usually convenient to place the lens at such a 
distance from the slit that at exactly the same di^ 
tance beyond the lens an im:^e of the slit, equal lo 
it in size, will be formed on the screen, K, then, 
sunlight pa%$ through the slit, and fall upon the IcHSi 
wc shall have, on a screen placed at the proper dis- 
tancc, aimply an intensely bright while line, coo* 
sifiting of all the different rays belonging to sunlight- 
But if yon interpose in the course of those rays, jiJSt 
after they come througli the lens, a priam, with its cdg* 
parallel to the flit, the effect will be a change of direc- 
tion of tho.-ie cones of rays which arc converging K^ 
wards the image. The prism will most refract the 

1 0/>fkiy Boalc T. Put i^ Exp. 1 1, llLn&tmtion. 



RADIATION AND ABSORPTION. 489 



violet mys. and all the ethers will be less and less re- 
fracted as their wave-lengths grow longer and longer 
till wc r<»;tch the Inweiit red in the spectrum ; and there- 
fore, mstcad of liavjng a set of coloured discs, as by 
the first method, iuccccding one another with thdr 
centres alon^ a line, and overlapping, you wdl have a act 
of p^ralle] coloured imnges> each no broader than the 
slit itself and you can make the iilit as narrow as you 
please. In every j>art the conscctitivc images licsid<f by 
aide, contiguous to one another ; but if there be tif^ht of 
any wax-e-Iengtii or any particular refrangibility which 
is wanting, then the space corresponding to that will 
be left as a dark line (an umlluminated image of the 
slit) Across the olljcrwise coJitinuous coloured bai»d_ 

Vou see hanging 01 the wall a coloured plate repre- 
senting the solar spectrum, formed in the way I have 
jiiat pointed out, and you can see those dark lines 
jtCTiiKs iL Oriy a few of the ehfef ones are figured. 
The number of Oiosc whos^ position \% already care- 
fully measured, or photographically registered^ amounts 
to many thousands. [Sec diagram, p. 190^] They were 
fast noticed by Dr. Wollastcn, about the beginning of 
thw century, Init he paid very Ultle attention to them ; 
«nd they were re-discovered a consiJerable time aflcr- 
vards by the great optician Kraunhofer, whence they 
iuve been called Fraunhofer's liue^r. 

Of those lines one of the most remarkable is that lo 
which Fraunhofer gave the nam<^ of D, which you will 
see upon the picture rear the boundary betwccjn orange 
and yellow. Wlicn, however, a very perfect pri,^m is 
lucd, and a telescope is employed instead of the screen 
Eo receive ihe spectrum, then we are enabled to see that 
hit Hi»e is double- This gives it a very remarkable 
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chAnctcfistic,— (v^o almoil 
equally strong dark lines 
^cr^<>^ ihL- spectrum, ^r\ close 
together AA to be quite Ifi- 
capAblc of being separated 
from each other without the 
use of A Iclescopc, or a g'rcal 
rnimbrr of prisms mst«rlof 
one. 

Now. rraunhofcrobscn^ 
tliat in the fl.-imc of in o> 
dinaiy tallow catidlci whoi 
li(^ te-«lcd it just as he! hid 
tcstctl 5iinli[jht, ihcrr: ap- 
peared a piir of bright lini^ 
brighter thsn the rest of thf 
otherwise continuous «pef* 
tmm, — that there wert: no 
nther lines in the ^ikcctmn 
but Ihose two bnght ones 
and that Ihey occupied, io 
far as hia instrumental Offt' 
siiremcnts eiiableil him to 
(listovcf, pretiscily the »afflC 
pkcc in the spectrum us ^^ 
two dark lines D of the soIjT 
^pccirvKTi. That is to say» 
The candlelight i>osie*^ud in 
excess precisely one of thw* 
dclinitccomponeiitd inwlfldi 
^it:tljght had been found to 
h<* e[:hcr wholly, or at leait 
lo a gTtat extent, defidcnt. 
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No further action seems to have been taken with 
regard to this very rtmarkablt? coincidence, untfl Pro* 
Fcssor MiUt-r of Cambridge, in 1849 or 1S50, m^ide a 
TTiOTc exact experiment, with the view of comparing 
these ycUow lines in the flame of a spirit-lamp with the 
dark lines of the solar spectrum, so as to test whether 
Ihey arc exactly coincident with one another or not. 
The result of his measurements WlI* that the close- 
ness of coincidence was so great that it was impossible, 
mtli hid finest instruments, to find any divergence 
Mtween them. The two bright lines exactly corre- 
qsoaded with the two daik ones as to refrangibility, and 
hcrefurc also wave-length. Il had been conclusively 
»hown by Swan, tliat the two bright lines in the \\^\\\ 
>f a candle are due to common salt, which pervades 
fyt air everywhere, and of which the very minutest 
race U capable of producing this yellow light It 
ffd* tlicn that Stoker at once took the additional step 
required, and explained that the glowing vapour, which 
i capable, when it is the source of li^ht, of giving theec 
definite bright lines, is itself, when used as an absorbing 
medntm, capable of absorbing these and these only ; 
UI1I thL-refore thai Miller's test of the exact coincidence 
)f the bright and dark lines was a complete proof that 
here exists in the sun's atmosphere this vapour of 
iodium. 

That occurrt-d about 1S50, ;ind ever since that time the 
^t th<tt sodium exists in an incandescent &tate in the 
un's atmosphere, has been taught (as an experimentally 
isocrlained truth) by Sir William Thomson and others. 
fhtii wai; the birth of Spectrum Analysis, ^^ applied to 
:cWli;d objects. 

It x% curious to find tliat the deservedly celebrated 
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Foucautt had some years before rrutde the same experi- 
ment xn Jiri yvt-n more convincing form than that which 
MilltT Iwil adopted- He fmntd that the light, of whit 
15 called the electric arc, bas in its spectrum these two 
bright lines ;btit that when he looked at sunlight through 
the electric arc and allowed the sunlight to come in^ 
jBtrongly as to ovcrpowLT the electric light^ then die 
eleclric light actually cut out the D lines frum rhe iRoIar 
spectmm more powerfully than if it had not been 
prc5cnt. Althoiigh it was there ^ving out these lines 
strongly, it was not competent to till up the wants id 
the solar spectrum, but actually made the dcfideocy 
more glaring than before. Then, !o test whether it ira* 
really the case that this electric arc wa^ absorbing thee 
particular kinds of light, Foucault vcr>' ingeniously tOO^ 
advantage of the fact that the carbon p;>ints between 
M'hich the electric arc is usually formed become incandes- 
cent, and reaching a higher temperature, are very nnich 
more bnllianl than the arc itself By means of a small 
mirror he reflected the white; light from these carbon 
points through the electric arc, and found that whenever 
it passed through the are, instead of getting brighter at 
those places* it had those very lines cut nut of il ; but 
whenever it passed beside the electric arc it hnd no 
deficiencies. Curiously enough, he seems to have 
derived no definitive conclusion from this. 

Then, again, exactly the same statement was maJc Ja 
Sweden by Angstrom in 1853H He says that An iiKan* 
descent gas gives out luminous rays of the sanic rcfnp- 
gibility as those which it absorbs. 

Eadi one of these three thus completely made and 
recorded the discovery of the physical basis of specinini 
analysis before i8S4i bu^ of the three, Siokes abnc 
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made tTie application which really conslKutcs celestial 
chemistry* Fox Talbot had, long bcfors, distinctly 
pointed out the use of the prismatic method for dis- 
tingui=hing terrestrial substances in a flame. 

As I have already tnld you. Sir W, Thomson has, 
ccrtii inly ever since 1852 (probably a year or two sooner), 
rcgxiUrly given in his public lectures in Glasgow Uni- 
versity' the statemcirt that there is sodium vapour in the 
sun's :»tmosphere ; and that, to find other conjitituentj; 
of solar and stellar atmospheres, all that is wanted is a 
conipnn<^on iA tlie dark lines in llieir spectra with tlie 
bright lines in the incandescent vapours of various 
tcTTcrtriai substances. ■■ But it was not till iS^gor iSGo 
that this was Iciiown generally, or was applied to any 
puTj)os<r furihfr ihan tcj the mere recording of the 
existence of sodium in the vajjours around the sun. T 
should like to read a quotation from some remarks I 
made a year or two ago to the Royal Society of 
Julinbtirgh upon this curious subject;' — 

It \% <lifl™cii!t nawj-dfty5^ when *n many phiJoiopher* are en" 
£lf<d ntmo»C (fmitltnncously s^X ihc aomc prohlh^m, to dcd<Ic whtcli 
oftlieii fcu«c*si*^c s^cps in advance is ihat lo which ^Jiuuld really 
bv ailachrd ibc Lille of dhci>very |in iIb highest «^nsc) 05 dislin- 
euishcd frc»nj mere im^rovcntrrtr or j^tnirnfisal'i^n. You huvt otiLy 
bo looV ut die recent \u1umit>uiis dUi;ussious as to the discoverer 
of the Conicrvation of Entity, ro st**? that cniics may substantially 
lfi«C fis 10 £iict5 and dates, while dlfTcring in the moat c^tniur- 



> PvHidmt'* Adi^itt, Srit Atr. i^t, S« Sicks, A'o/tirt, Janu^Ltyd, 
lGfti< ThocBBon writcn Tn me with TCfertrncv to Ihis (Jmiutry 23, '^7^1 ' — 
•I ncin tmjicincd tXnti Stijkci ihaught 1 was gcnerftlliiiie too fjiit, or that 
SffWnliiJnt; 'Lt hIL I fdt ihsil I hi«d Ic^irnrd iLt ivlinli; ililiig TtoiTi 
cm ■ foundation of jibiolutc certainty. , , , All I mid in my 
BdBbnrgh AddrMi nn iUi>i mnitdr it, I heVKrvt', Errffrugabk.* 

N 
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dinary iiiAnner as lo ihclr dc<lactIorri from ihctn^ Serine of tfWK 
wn«TK ro iloiibl. put i>]cniscKi-«oui afrmin at OB<c l:iy TiiliitsaUy 
mttibutinf; th« i;3KOUt Iaws tyf Uo^b jirio CTi*'fn Ui MAhcClc nd 
GA>-<UiMa(;- Stcn nbopcraiai in error on a poini »o abwtutdr 

Idulc more difUcutiy. Othen, who Aroni^lj mpport th< trvc^Jltd 
cUimt of M«]rcr In ihc nttticr of ConicrvaLioa dt Encr^Ti ■uti vba 
sIiuuIeI ju»bc i;cj"*i*lrnt> thciefojv far niorchinin^'lj'advocaitihe 
real doimt Of TA^bol, :>(ckc*, Angttf(fTi» Slcwarl, cic<» lo ibc £i- 
covery of vpcctnim annlysi*, 4rc found to uphold KirdihofTa* 
nlcine mttiTnl tc nny nii^rii in thr mriirr. 

The qjeiiiod of pnoricy jutt oJludvii to illkiternU^ in a vot 
CLirinua ivny a stng\iW and IiintcnlAbtf, (Lough iit tjiic mhk 
honnur^ibft^ ch^r^icii-iittic of mAiiy of The hLjfhr^t t\asi of TiritibL 
%cicnijfic men i f>- tluiii fjroni!n(.-£s to considrr th^C ^hat App««n 
evident 10 thcm<:flffTfl/ <**■/ be known to ojjcrs, I do uot itual 
thai ihi* tan br called mfidesij- ■ it is fiith^ n sprats of [liiT^flrncf 
due to their ^onscinusne^i ih.it in gentT:vl their nccuruc kncr^^ledjt 
of ihc (jubti&hnl dcvcloprjit^nLs of science is cunrLiKil nuulj (0 
Tho!e branches m vhii:li they have apeciallf Ji^vbud thrm*eWfiL 
Their foreign coini>etilors« on tb« other h^nii (ifspc^iEilIy ih« Ctf^ 
mftns], fbTC often profoundly aiiare of aH that liaabccn dene, or, il 
IcftSl, have lome one at hand who is and cin thut, whrn aiwv 
Idea occurs to them, at once recogni^fv *^^ hnve detcrminod hr 
them, its novchy, ind so itiatanily puL it in type atkd frCCU^CLt 
Neither St^'^kc^ nor Thornton, in iS^o. ^enn« tu have bad ih^lMfi 
idejL ihnt he had hjl ar\ anything ne» . . > — ibe niACT 
appeared 30 simple and obvigus to them— and, but fof the Uft 
thar Tlinmion hii given it in hi% public lectures ever ilnoe (11 
first givn^g ^t A5 sQinething well bnown)^ tbey Di|;ht have tbc* 
foifeited all clami lu j:jien£ion lU t^onncction wiUi ihe dbi^ov^j\. 

T went on to show liow tliis larrrntable state of things 
onubl easily be rt^mlcrcd impossible far tbt' fat lire, bf 
the regular publication, at very short intervals, of a 
digest of all nfw advances in science. 

I come now to the question of what Wiw done o«. 

' Some framic i-iarliG?]]^ of Papin, etc, dmiy aJmcjil iJ] cndic Xo *' 
lU the inatLcr of rhe atcan-cngiiie J No furiber example* ocsi l^ d>«^ 
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Lhlft subject in 1855 and 1S59. The first of these dales 

lelong^ to Profeasor Balfour Slewart, and the second 

Lo KiidihufT. Bdliour Stewart treated Ihc subject almost 

entirely from the point of view of what U called the 

Thcoryof Bxcharges.and he demonstrated averyremark- 

iblc generalisation or extension of the law long before 

ai<i ciown by I'revoU, KirchhofT trealt^il th*: subject 

rom an. at first sight, sonKwhat higher theoretical (Xfinl 

af view, and u^cd rc^Lsontng considerably more complex 

ifid a good deal more mathematical ; but in reality the 

Fundamental point upon which the reasoning is based was 

rcriKrly the samt in both thdr invcsligations. What 

hex established ^ ^1^^'^ dijTcrciit prcfcesses was ihis, — 

be abaolulc equality of the radiating and absorbing 

Kiwcn of a substance for every definite ray, ]t was 

lot merely what Jiad been known to Leslie and others, 

thai a hnly Vthtnlx ts a good absurber of heal is also a 

ood radiator of licat, with many otber indefinite stalc- 

ncnt^ cf tJiat sort ; but it was the precise Hmitalion to 

ch and ever)" particular wave-length, and not only that, 

Alt something higher ihan that, — not merely a particular 

^adc- of [ajkiiir, Inrt al^o a ray jml^riscd in a parLicular 

tlanC' Stewart and Kirchhoiir then came to the concJu- 

elon that if you consider any one definite colour of light, 

uid have it polarised in one dctinite direction, then a 

body which has a power of absorbing that, measured in 

aay vTAy whatever, will Iiave aii cxacUy equal power of 

ndiating it, if measured according to the same units. 

So if we adopt Ihc same unita for radiating and for 

>bfiorbing power, in all bodies the mcjisure of the 

BJsnrbing power for -iny particular ray (strictly defined 

tB I have jaat stated) h the mea^iurc of Uie radiating 

lover for tliat same ray. 



196 RADIATION AS'D ABSQRFTIOS. 

Stevh--irt showalirst by very simple reuoning; that the 
absorption of a body at a pven t«mperuttire imiU be 
equal to its radUtion, for every given descriptJOD of hcai; 
and tbcii lu.- ?iliowa ex perl men tally Utat a ptate of fock- 
salt, vihicb is an cx£:ee<lint;ly bad absorber of IicaL is 
&Uo an cxcccdini^ly bad ratiiator of heat. Then he 
flhow9 that a body la in Rcneral more opaque to radia- 
tions ffom artother portion of the? ^amc* body than it It 
to radiations from other bodies at the same Tr?iii|KTd- 
turc ; in other word»> [f you measure how much of the 
heat radiated by a piece of hot i^iass is ^itbGorbed ^ 
R>clc<>fialt, and if you measure also how much of the 
radiation from 'at\ equally hot pirce of rock-^alt, insleaut 
of the j;T«LS5, is absorbL-d by rock-sail, y^M find that roct* 
salt absorbs of the heat which is radiated by rock-salt 
a very mueh tai^er percentage than It absorbs of tiM 
heat which is r;idiated from glass at the same tcmp^fa- 
lure; and this lie showed to be true, wilh ilii^ di;i:ij;c- <if 
a word or two, for mica, g1a;!i», and other sub^i^ucti 
Then he showed alflo— and this b a vcr>" important 
addition — ihat a thick plate of roclr-^att radiates more 
than a thin plate, being at The same temperature ; aiwl 
tJlcreforc ft follows \A course that tlic radiation froiri 
hot body is radiation not merely from its surface, but 
also from layei-s under the surface, and in eomc sub* 
stances it may be radiation from layers at a very grrai 
distance under the surface ; so that radiation, iikt 
absorjjtion, rs not a mere surface phenomenon, but 
depends (when the substance Is transparent) upon the 
depth or thickness of the absorbing or radiating slrahiiU' 

In order experimentally to show some of these rc*ulMi 
though ordy in a qualitative not a quantitative manner, 
Stewart first tried a substance such as pottery vaie; 
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here yon have a surface In some places wlilte arid \t\ 
ihcis black. If you look at such a. piece of pottery 

arc by dflylight, tJic reason why some markings on its 
lurface are dai'ker ihan others is simply that they 
ibsorb more of the inddent light, These are portions 
>f Ihc body which absorb more thnii otbc^r portions, anti 
Iicrcforc wc should expect, if this law be tnje» and if It 
»c capable of extension from heat rays to luminous 
that on maUinfij the piece of pottery u-are itself in 
the source of h'ghl, — making it hot enoitjjli to give 
IflT light.^theii, a.^ thoac portions which, when it was 

Id, appeared darkest, did so because they absorbed 

Ofit, tlicy should, when it is itself a source of light, 
ppear brightest, because they ought to radiate most, 
'bat h ar) experiment which any of you can iry very 
lasily Tor him^lf with a piece of pottery which ha& a 
ircll-markcd pattern on it You will sec, as 3oon as 
ou have heated it to whiteness in the fire, taken it out 
nd looked at it in the dark, a white pattern on a dark 
round, inatead of a dark j)atlern on a wliite ground. 
lOcI il is very striking if, while thus looking; at it, you 
Qddcniy flash dayhght on % when you sec at once the 
ivcrtion. 

1 caa show to s. few at a time, but not in a marked 
ray at a distance, tJic a^me phenomenon, by taking a 
<c<;c of platinum foil and writing letters on it with ink. 
Vbcfl it is once heated ther^ is a deposit, on the surface 
(f the otherwise pohshcd platinum foil, of oxide of iron 
vhich larni^hc's the surface dud makes it absorb con- 
E4def.-tl>1y more light than a polished reelecting surface wil! 
la Wc should expect. thcn» when this is heated (as J now 
Rat it in a powerful but very slightly luminous flame), 
ind becomes in turn the source of light, to see bright 
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kttcnv on a darlc ground- The tltScrcncc of br%htnc» 
ij not so irarkcd in this case as in the last, but still 
those who arc ncare:st to me will see the phcnomcROs 
di^iifictly enough. 

But you will see anotlif^r phenomenon still more »t3rt- 
ling on looking at tlic back of tlic healed fnll instead of 
the front of it- You sec faint tracer of bright letters on 
the dark (ground when I turn the inked %vX^ to youj bvt 
when I turn the other aide you sec dark letters on a 
bright ground. Now, the reason uhy on the; fine «{de 
we have bright letters on a <iark ground, while the other 
side of tlic same piece of metal shows dark letters oaa 
white ground, \% Mill more confirmatory of the result of 
Balfour Stewarts, which I have just stated, becai^ 
thene letters appear d^k while ^t present cold, because 
they arc absorbing more than the rcrt of the polahed 
surface They appear brighter than the polished surface 
when heated, because thej- radiate more ; but just because 
they radiate more they mii*t become colder, must be kept 
pennan^ntly ct>!der than the rest of the foil, and thcif 
fore the parts at the back of the foil, behind those nliidi 
arc radiating most^ remain permanently colder. Tlitfl> 
made evident when we look at the side which is withoil 
any difTcrencc? of surface, as we then see, by the relative 
amounts cf brightness, a marked distinction between 1^ 
pArts which arc hotter and those which arc cotdcT- 
This is a still more complete proof of Stewart's propo- 
sition. 

Stewart extended hi* reasoning still further whtn 
he ex|jlaincd the behaviour of coloured glass wbcit 
heated- If you look at a bright fire through a rrf 
glass (for instance) ; so long as the red gla-s:* ts ooM. 
— tliat is to say, is absorbing hght, — it absorbs the gne* 
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and lets the red through. That is why we calt Jt a red 
glass, bccAiise it ibiiorbs green and almost every ray but 
ihc red. Wlicn you pul it into llic fire anj it hiia ac- 
quired exactly the same temperature a^ the coals, it 
shows no colour, and you cannot distinguish it from 
the coals, fr fact, It is transmitilrg red light but is 
radi^itttig gtcen and othf.'r rays: — namely, those which 
it UcApdble of absoiblng, and it is just making up by 
radiation for the amount which it is absorbing; and 
therefore the Itght which is coming through it from the 
coals bchiid is just as much strengthened both in 
quantity and fjuatity by it« radiation, as it i* weakened 
by its dbsurptioii, and Uius on llic whole ll cumcs to our 
eyes un coloured. If you put in behind it, leaving it in 
tho fire at a bri°;1it heat, a Ic^s hot coal, you will sec it 
appears green, because then the glass is hotter dmn the 
background, and takes from the background less green 
tli4n it gives uut\ and l]»crcfLirc the light which actually 
reaches the eye, partly through it and partly from it, is 
more greeD tlian thai from the coal behind, Thus the 
coloured glass loses its colour when exactly at the 
t«nipm4tuTe of Ihu abjectH behind :t, and takr^ the 
CompJcmctitary colour when it is hotter than the 
objects behind it 

Kfrchholf gave a good many experimenta] illustra- 
tionii of the relation between emission and absorption, 
of wtmdi I can allude to only two or three. The 
first was the very simple one of taking^ a bead of a tr^na- 
parcnt "^X. and heating it in a. blow-pipe when supported 
m a Iwjp of pbunum wire. When the platinum wire 
and the bead were at the same high temperature, the 
plaliiiuin wire glowed brightn as wtr :i]l know an incan- 
descent vfire docs, but tlic bea.d of melted salt remained 
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scarcely glowing 9X all. Th;it i« to «ay, this body, Tfakh 
b cxccccingly tnnspajcnt, and therefore a bad absofbcTi 
U also a bad radutor. On lite other hand, the pUtinuv 
wire » perfectly opaque ; it i^ a very good absorbcf. 
and therefore a gooii radiator. 

But KirchhofT carried his experiment): aitcr this at 
oncclDxiinlight- KnowingthAt: there Uone particular de- 
finite red ray v^iich[» giver out by the metal Ijthium when 
in a ftt;:Ltc of incandescent vapour, he noticed that tbcre 
wuRo corresponding dark line in the »olar spectrtim. So 
h« altenplt-d with AiLI success to ruke a new dark line 
in tht; MiUr ^pei^truin by letting !iun1i|;hl \Y,ins t}imugh A. 
slit, and placing near the slit an otherwise slightly 
luminous llafiie Uhat of a Bunscn lamp) in which there 
was a tar^c supply of lithium vapour, which caused it to 
give out light of one homogL-ncoua red, Wlien the sun- 
light came through it, tltc lithium vapour cut out LtL^itvc:^ 
red, and a new line was furmcJ in tlic solar apcctniirt 
Aa the sunlight was gradually weakened, the line grado- 
ally disappeared, though tlicro was still a vcr^' visibk 
supply of sunlight : ami after a fuithcr ucakcmng. llie 
lithium line canx^ brtj^litly out on the da rl^cr backer uund 
Thus by regulatingpropcrly the intensity of the sunlight 
you may have at pl(?a5urc a dark line or a bright linft 
or no line at all^ at thi« pardcuhir place in the «peelnim^ 
That was concljsive as to the possibility of producing 
these dark lines in new positions by the help of some 
incandescent gas. 

But Kirclihofi iibo showed that if yoa take the direci 
radiation from a terrestrial body instead of— asm ihclwi 
experiment I dcsciibcd— gradually checking or weJkt^n- 
ing llio smdi^iit, if you had taken the light diicclly from 
a tcncatrial source, then you could get the dark \ait 
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only when the abscrbmg 6amc is colder than the source 
of lig^ht In order to produce new dark lines in the sun's 
fipectrumj we mu3t use absorbing bodies which are colder 
lluin the sun. That of course presents no difficulty, be- 
cause wc canrot produce any lerresirial temptraturc 
which at all equals that of the ^un ; but it comes to be a 
point of very great importance wlien wc wish to produce 
these absorption bands in an othenvise continuous 
spcctruri of artificial light, as, for instance, tlie light 
from an incandescent lime-baSI, The temperature of 
the incandescent Umc-ball is very lovv^, compared with 
even the electric arc, and extremely low compared \Wth 
the £un, but the light from it gives a perfectly continu- 
ous spectrum. If we try to produce in chat spectrum 
ihc dark lines of lithium or sodium by the process just 
described, wc find the process fail. Bright lines appear 
in place of dtirk ones, A Uunacn lamp-Same ia not cold 
GQCugh, In othfir words, if sodium be in the Bunscn 
flame, though it absorbs no doubc that particular orange 
light whicli conies from the lim^-balE, yet in [ilace of it 
it gives out a great deal more of the same kind, and 
therdbreyou have bright tines instead ofdark ones. But 
it instead of a JJunscn lamp, you tal^'e an ordinary spirit- 
lamp, and put sodium vapuvrr into its tlanie, you find you 
gel your dark line in the spcctmm of the limc-ball- 
KirchhofT thiis expcnmcntally sliowed that for the pro- 
duction of an abaorpti on-line (at least ^vhen the source 
and absorber are bct/i behind the slit) it is necessary 
that the incandri^fiit source should be ^t a higher tum* 
pcrature than the absorbing vapour. 

Wc shall see thut this is not only in itself a very 
vmportJuit result^ but that it is of the ucmo*: importance 
vfacci vcc come to inter|^ret tlie spectrum we obtain from 
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ymovvt porlionK of ihc sun*» disc, and from v;4rtotis stars 
It vhown whether tltt^ radbtlng or Ab^^rhmg^ matter in 
any of thc?(C c.'ucs is the hotter or the cnldcr. 

Finaljy* 1 may mention a dlsco^'cry' which was made 
almost SEniultaacouitly by Kirchhoff and StenarT ; ibo 
beautiful application, 1uab«or{jmg bodices of tlie ^lariia- 
lion of light- There arc varUm*! tra[v>iii4rent subnt^nccs. 
which,althoL]ghcc1ourlc:0,orbut£tightIy coloured, never- 
theless absorb all vibrations of hght which take place 
tn a particaiar direction. The siinplcsC is a plate ti 
tourmaline, cut parallel to the axis of the crystal. It r» 
not ypt ceM;im wiiHhtr the nys which it ;ihwd» 
are tho^te which vibrate parallel to the axis cf tiic 
cryi4tai, ar those whose vibrations are perpendicular tD 
it, but that docs not matter to our present purpo«e. 
Light which ha« parsed through stjch a sticp of crytial 
IS vibrating in one dcrmite direction onlj^, and therefore 
is said to be polarised A.swc have cKpcrimental E^ioof 
that common light is subject to no such rcilrictioji. tht 
portion of the incident light which has been absorbed 
must h;ive been that whose vibrations were in the direc- 
tion perpentiinilar to tliat of those vvhich passed thmu^ 
and therefore what was absorbed was also polariKi} 
light Here, then, is a body which absorbs polariwd 
light : — make it in its turn (by heating) a source of light 
and it should then, if the propositicm we are dealing 
with be universiiUy true, radiate polarisi^d Hght. Sof 
theexperhnent has been made, and made with complete 
success. The light radiated by the red-hot crystal if 
you view it against a dark background^ it po]an'f«d ; bdl 
if the background be itself as hot as the crystal ^and be 
of non -polarising material), no polarisation is obvrvcd 
The crystal transmits one part of the light uiudtcrdii 
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and thougb it stops the other half, it makcB up for it by 
the light which it radiate??. 

Before I go further with tlic rca^onin^ on this pai't of 
the subject, \ must make a sliflfht digression as to our 
kaowled^^, or rather our reasons for conviction, of tha 
identity of riidiant hL'at rtnd It^hl. I must, in fiict, show 
how we salisfy oiirsct'/es lliat iherc is no moic flilTcrciice 
between radiant heat and li^ht, or even the so-called 
actinic sun rays, etc.. than between waves of sound or 
waves of water of dilTercnt lengths. The precise nature 
of the vibration ivhtch cnnslitutes a wave of light, does 
not matter lo tlii^ quesliou ar all. 

We all know that sound-waves differ practically from 
water-waves. In the case of sound-waves the particles 
of air are vibrating b'ack and forward in the direction in 
which the sound travels ; but in the case of waves on 
water, the particles are moving partly up and dcwn and 
pgirtly hack and forwards, so that ne^ai- the surface of the 
^%iMereach particle is describing almost a circle, 

In the case of luminous waves, all we know is, that 
whatever be tlie precise nature of the vibration, its direc- 
tion h. transverse to the direclion in which the light is 
moving'. Now, the proof that radiant heat and light arc 
the same, or only variations of the aamc thing, fs to be 
arrived at by comparing their properties in. a great 
number of different ways. 1 cannot enter very deeply 
into this, but 1 can at nil events mention several of 
these properties, and show how conclusive the evidence 
is for the identity in qLu.:stion. 

I'jrst of all, it Ib to be considered they both move 
In straight linr*. The radiant heat from the sun goes 
along with the light from the sun, nnd wlitn yon shut 
ODC off, — ptt a screen so as to intercept the onCj — the 
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ot]icr Is intercepted at the s-ime tunc In the <:uc ol 
a ftolnr eclipse you have the sun's heat as long as yoa 
9C« the s]na)lc:&t portion of t}ie sun's disc The instant 
the laA portion oT the di;^ fs^ oh$cur^, the heat dis^ 
peart with the light. Th.tt show* that the heat and 
li^ht Like not only the same coiitsc, but aU^ the same 
time to con^c to us^ K the one lagged ever m> little 
behind the other, — if the lieat di^ppeared sooner than 
the Ifeht, or the lighT sooner than the heat,— it would 
show thai though tlity both moved in straight line*, the 
one moved fnABtcr than tlic other i but the result of 
obwrrvation \» that wc find, ao far as our mo?t delicate 
measurements sboi;r, that \\q^\ an<^ light arc fiimultaoe- 
ously intercepted. Therefore u-c have the proposition 
tliai radiant hc^t moves ^t the rate of about i3(!0OO 
miles jicr second, because that is the velocity of light 
Thu3, Lvcn our very hr^t analogy he twccn ihcm accm* 
to be almost convincing as to their identity. 

Then we bsve^ as you all know, when you use either 
a burning mirtor or a burning lens fcr the puqjoiic of 
condensing the sun's heat into a focua, to adjust thii 
by takin;^ udvantace of tite sun's light. Vcu form ac 
image by means of the light, and then you find (be 
heat rays ronttnlraied ai the same puiiit That ii to 
say, the laws of reflection and refraction arc precisely 
the same for light and radiant heat. 

Then again, I dare say you all know — for it vi* 
fthown cariy in this ccniuiy as the true explanation of 
pbeacmcna known to Newton, and before him — llwt 
two sets of rays of light con be made so to tntcifcit 
with one Another as to produce darkness. This CX' 
pericncnt is conclusive as to the n on- materiality of 
light,, and shows that light must be sometliing of 
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the nature of a vibration of some Icfnd, so that 
two oppLi^ite motions meeting in one place, or rather 
simultaneously i/Tctlfn^ one pait of a mcdiam, may 
produce Simple rest or non-exiatencc of motion. If wc 
teat this with snnliglit, ive find that precisely at the 
places wheri? the sunlight haa disirppe^red, at these 
same places the sun'^ he^t lias di.sapijearciJ, Radiant 
hcatp therefore, has, as light has. the properly of inter- 
ference ; that 13 to aay, two portions of cither are, in 
certain circumstances, capable of mutually destroying 
one another. 

Another very strikiug^ analog^y liptween them is fur- 

nbhcd by absorption. Let us take the case of Ug;ht 

first. If 1 take a number of pieces of blue plaas, lif^ht 

vrhich has passed through one of these is capable of 

passing io gfcater part or percerlflge through the next, 

and H'hdt has been sifteJ through two of them will in 

atiU greater percentage pass tlirough the third, and so 

on. Precisely the same thin^ holds with reference to 

radiant heat. What we call colourless glass happens to 

be extremely opaque to radiant heat, especially to the 

lower forms; but if you force, by using a powerful 

source, a considerable beam of radiant heat through a 

single plate of window glass, you will find that thouj^h 

the window glaa.^ is exceedingly opaque to jiuch heat in 

general, what you can force through it will tiass in very 

mucJi increased percentage through the second plate, 

Qnd in still greater percentage throvigh the third, and 

60 on. And, jusl as Mclloni used the word Thtrim- 

ckrase^ we may say that a pane of window gla*s, which 

i% coluijrlc:^^ 01' almost so as regards light, would be 

regarded as coloured by larger beings than ourselves; 

jbCaO^ with such very coarse-grained optical apparatus 



306 



RADrATfOX A.\D ABS0fiP770N. 



2A to have the £cti9C of light produced la tbem by »di 
waves only a£ to our senses produce radUnt heaL S«ch 
creatures would speak of our vwmt transpdreut gbss as 
bcini; cxcec<ling1y opaque while dicy would spe«k of 
rock salt as bein^ transparent, for Jt is found to tratittiut 
heat almost as freely as it does Ught. 

Tlierc ATC variouii oilier aiialogics, such %&, for infttaiticei 
that the intensity of light from Aay source v^ict in* 
vcrscly as the square ot the distxuiec. The sannc thb^ 
btnieof Tadimt heat. That, however, la neocssaidy 
true of all emanations in straight tines from s ccfitre 
when then? is no absoqition, so that it does not 
Strengthen the arguirent It is, in ^t, merc3y I 
consequence cf the f^ccmctricaJ tnith Uiat the surfocc 
of a ipliere is as the square of its radius. 

Then again — and this is perhaps the (f^and proof*- 
we liavc tlic dlicovciy by Principe Foibo of the puW- 
isation of heat Vou can polarise radiant heat as you 
can light, and this is the most conclusive argument ; on« 
nrhich, take^n with what I have Just told you, leaves nc^ 
possihilijy orc*c";ipe from the cnnchiMtin that the difler- 
cncc between radiant heat .and light is simply the 
difference between a low note and a high one- Thcn^- 
fore, in reasoning; upon radiation, it is quite indiilercitl 
whether wc speak of radiant heat or radiant light, o( 
c-ven hightr wavtrs which are iiivi.sihk to the eye cvi^cpl 
through fluorescence- So we need speak of nothing bt 
r^diMion, under which ^-e suppose them all included. 

Now comes this question — By what marks c^n j*Oti 
dlstrn^ish one particular radiation from every olh*r? 
Wtrll, you can do thnt just as yon c-a.w perfectly driinc 
any particular sound. Vou can define a scundlfyou 
arc told three thin^ about it, — its inten$iLy, itspitdt, 



RADlATrON AND ABSDRPTfON^ 2^7 

And its (juality. Well, the quality hns of late been 
shown by the bc^aiitiful a:iii]ytic And synthelfc method? 
of llclmholtc to dcpcnti upon the admixture of other 
sounds (harmonics) with the primiti\'e ^ound ; so sup- 
pose you take the simplest quality of all,- — that which 
has no adniTxtiirff. — then a mH'iical sound or note i^ 
completely defined if we know iUs intensily, if wc know 
tts pitch* a.nd Jf wc know its quality to be the simplest 
Conversely, if you havcany disturbance oJ the air which 
lias tlut intensity, and thai pitch, and the simpleist 
quality. It wUl be that 93me sound. That, thfrn, is our 
mark by which wc detect a particular kind of motion of 
Uic air. 

Now wc have precisely the same sort of marks by 
u-bich we can distinguish a particular kind of radiation, 
Tuke the simplest form, — that is, the simplest qjality,— - 
there arc other three things to be attended to. The 
4r*t is the intensity ; the second is the wave-length or 
colour, what corresponds to the pitch ; and the third. 
how it ispolariKcd, or whether it is polarised or not. If 
Ihesc br attended tc, and if you were to Npecify them 
lor any one r^diation> and if any other radiation what- 
ever sati-sficd the same conditionSn then it mUs'it neces- 
sarily be tile same radiation, Tliat is the stamp of 
equivalence between the two. 

And now wc coiite to the question how ViC prove that 
the radiation from a body must be equal to the absorp- 
tion by the dame body under siniiiar circumstances. 
We have seen how we can test the equality or identity 
of two radiations, and now it rem^>ns, having that prC' 
Ilininary settled, to apply the i-casoning to see why the 
^bdorbing and radiating powers *ire necessarily eqiialn 
The best w^y we can do it is by applying reasoning 
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vcry^inilartoCamoty but la this cade It happens to 
to be ca^blc of being applied even moresioiF^y. Sop- 
po*e we have a «^.icc, the wall« of which arc alwayi 
\.t^ at a deliiirlc tnnpcratuic, Tt is aw cx perl mental 
fact that bodies (whatever they be) which have been 
JonfT c'^^^l?^ ^^pt in this enclosure will at la5t dc<tuirc 
precisely the temperature of the enclosLfc- That i* a 
fact which ha^ bn^n a^cenained over and over again. 
We 5ay, in fact, that bodies arc at the ftame tenipci^turc 
when neither parts with heat to the other, when there ia 
on the whale no lran*rercnce of heat from tlic one to 
the other when tlicy are plaeed In contact. Suppose 
one of thpsr hfidie« mori? capable of absorbing ihati it 
is capable of ntdi.ttln^r. Th^it body would be i:oiist^nlIy 
tskingf in more heat tlian it was giving out, and Uicr^ 
fore thotif^h the other bodies w^ould of course absorb the 
heat which was ^iven out by it, they would nece^iiril]' 
cool, bccausf^ ihey ^vould get b^ck froni :l le«s th;«n llicy 
^ve to it. It would be gelling hotter at the exjiciisc 
of all the other bodies inside the enclosure. 

So far then the reasoning appear;^ at least at first 
sight, to be nearly complete ; but it is not, because we 
have btcn taking the radiations as a whole. Su]J[JOM 
we have then inside thia endusuii^ between two ^if the 
bodies. 9omc^ body which we may call a screen, iftd 
which shall allow to pass a perfectly definite kind of 
radiation and that alone. Then whatever radiatinn 
passes from llie firvt towards the second body nn/at 
pass through the screen, and will be, tliercfwrc, of 
this definite kind only. It will be partly absorbed and 
partly rejected by the second ; but if there is to be a 
constant eijLiality of temjierjture maintained — ant! tliat 
is our funJanient^l propiisitiou — the fraction of the 
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amount of lUis d<^rinitc kind of ndration given out by 
Ibc ftrrf and absorbed by the 5ccond mu^t be exactly 
equal to the fraction of that ^ivcn out by the second, 
and abiiofbcd by the first, else one of the bodies would 
rise in tt^mper^Uire at the expense of the other^ and that, 
yo^x knew, is ijiipossiUc, 

You will notice that our rcaaoning is in reality ba^cd 
Upon Camots: — Ihe same which Led to the second 
law of thercno-dynamici, because it ts founded on this 
principle, tiiat without expenditure of work we cannot 
cool down a body belDW llie temperature of al! ihc 
surrounding bodies. If \\c gain heat from a body 
which i« at the same ten^pcrature as the surrounding 
bodies, we cannot use that beat to da worlc. In fac?, 
\rc require to spend worlc to mahe this body colder 
Now, If it could make itself colder by radiating away 
more than it absorbs, then we should have an en- 
closure conlainine two l^inds of bodies, one of which 
heated itself at the c\-pcase of the other, so that work 
could be got from bodies all origmally at the same 
temperalore, and kepi in ai\ enclosure whidi Is through- 
out consiantly at that temperature. 

A word or two about the differences between different 
bodies. There are some bodies which absorb every 
radi^ition which falls upon them. These are sudi 
bodir^ as l.Tmp-black, and we may call them black 
bodies in general. Now, as a. black body is capable, 
by definition, of absorbing evco' kind of radiation 
which f.ills upon it, so it must, by applying to it the 
proof we have given, be a body which when healed 
mu^t give off every kind of radiation. There c;m be 
Dolhing wanting, — no dark lilies in its spectrum when 
iocattdcaccnt,— because as it i$ capable of absorbijig 
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cvcrythm^, it is capable of radiatii^ and tnll ndote 
everything. 

Tbe next clafx of bodin wt miiy call tnn<i|>aJCfit 
bodiesi, A tranKpEirertI body b n Ixxty vrhidi aliMids 
nothif^ at alL If we had ;l i>c:HectIy transparent hoiif 
it would absorb nothing, and therefore would radiate 
nothinf; if you made iC hot, n> that Ihe body could not 
be Been either by itself atoppii^ a certain amount of thf 
light whidi daht ufioii it, nor could it \>t ^e^n by ri^kiii^f 
itsdf a Mourcc of light, bccau^ in con:iicqucncc of Its 
not bcm^ able to absorb, it would not be able to radiate 
It mi^ht, of cotiTM, be seen in ^-irtue of its dinplicing. 
or (littorting. the Ima^s of other bodies at ^fCft 
through il- 

Thcn wc have, fmally, a cla^ of boflies which taif 
be di«tinf:uUhcd from the other two as those into whidi 
heat cannot be absorbed at all, because it never peflo- 
tratei the surface, — those which are perfectly rtflccting 
boclle*. 

Wc have, then, black bodicst transparent bod[c^, ^d 
fcflectinc bodies, Wc have none of tl^em in perfectios, 
but we maylaJce lamp blacl; as an example of the first; 
roclc^salt for the second ; and a polished metal, Jiich i^ 
silvef. for tht- third. Xone of these is perfect ; birt they 
are all approximation*!, and arc as gutxl cippn^xim^tivAt 
aswc find in Nature to the mathematical ideas ol^ ng^J 
bodies and perfect fluid^s, and sulficiently near approxi- 
n^ationj; to enable us to deduce from otir reasoning oa 
them va[uah!e explanations of physical phenomena- 
Let us suppose for a moment that wc have t^^'O of 
tliesc bodies inside an enclosure wliich Is kept at a con- 
stant temperature. Suppose one is a black bodyard 
the other a transparent body, — only let it be imperfcctij" 



RADIATION AND ABSORPTION. 211 

transparent. Then the black body takes up absolutely 
any radiation that may come to itj and sends out abso- 
lutely all kinds of radiation ; but the transparent body 
is incapable of absorbing any but one kind of radiation, 
let us say. It will go on absorbing that one kind of 
radiation from the black body^ but it has nothing to 
give back to the black body except that one kind of 
radiation, and therefore that must be the one kind of 
radiation which it can give out, and it must give it out, 
being at the same temperature as the other body in the 
enclosure, — it must give it out precisely at the same 
rate at which it absorbs it ; and there we have from 
another point of view another demonstration of the 
same principle, I shall endeavour to Illustrate these 
theoretical conclusions by experiments in my next 
lecture. 
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SPECTRUM ANALYSIS, 

Speoirum ol iTicnnrl^wmT Wrtck Iwrfy : of lnc*nd#*Qwit fa» or wpouf, A^V 
AppCiai[*i5Ti to *uTillghT, uini «ar]inhl. Sobt spou unci |ttomU*»nf& 



The point at wlkich 1 had arrived in my la^st lectort 
was the pr^ctic^l results of tlicindcpcndent di^c^vciics^ 
because wc can call them no icss — oF Foucault, Stoker 
An^^lrom^ lialfour Stewart, Kirchlioff, ard oihcrs, witil 
regard to the equality of the niUiatmg and abKorbtiif 
powers o( any ont body for any dL'fmite lay of heat OT 
iiglit. I explained very fully m that lecture how wc 
can test, by acparating Ihcoi from one another, all the 
diffeicnt forms of radiation that proceed from any par- 
ticular incandeact-nt body, and .*;o discover whether any 
are wanting. It only now tfrn^ins lltat I try t!i«e 
experiments witli the help of a galvanic battery^ of 
which I have a pretty powerful specimen dowji-stainp 
connected by wires with ibc eleetric lamp here. 

In an ordinary ^^^Uitaic battery, if you hnvf. oulya 
moderately g^rcat number of eclls, say lOO, no electri- 
city will pass between the terminals until you bfif^^ 
them into contact ; but if after bringing them into eoJi' 
tact you then separate them, a ^park will foIlottViind 
heat llic air between tliem so much Ihat, if the battel" 



SPECTRUM ANjiLYSrS. 



^"J 



powerful enoughj wc may have s steady current of 
tricity pasaing between the twu. and keeping the 
rv^eruag air in a state of incandescence. 
Tow everything in the path of tliis portion of the 
'ent 13 so intensely hot tlrar xwy ordinary mi^tals 
1 as copper, would be nidted at once, or at least in 
:ry short lime, if placed in it ; and tliercforc the sub- 
ice we employ for the poles of the battery is gas coke, 
hard deposit of carbon found in gae retorts. Bare 
his are cul ^nd connected with the pole^ of the bat- 
'. When the voltaic arc is paseing in liot air between 
two poIc3, the ends of these bars become vividly in- 
descenc, and you have therefore two vet}' hot black 
iea, and between them a hot semi-transparent body, 
tr, you will remenibtr from my last Ij^ctuit that a 
:k body is black because it absorbs sW kinds of light 
ch fall upon it A transparent body is transparent 
3USC it absorbs little of the lii;'ht which falls upon it 
"herefore, if our proposition be true, — and we know 
mst be, because it Is derived from Ihc second law of 
dynamical theory of heat.— it will follow that if you 
kc the blaek body incandescent it will give cut all 
i& of radiations, just as it is capable of absorbing 
kinds ; and the gaseous or ^emi-transpareut body, 
ch is capable of absorbing only few kinds of light 
radiations, will be capable, wlicn self-luminous, of 
ine out only the same fcwn 'J"he contrast between 
two will be well seen by adopting the optical method 
escribed in my hnjit tcciure. We separate from each 
XT the various kinds of radiation given by the two 
ilea simultancoualyp 

The radiation which you see just now fthrowirg the 
^Irum of light from one of the carbon points on tlie 
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MfccD] is niiiinly, almost wholly, from one of tSc he* 
carbon points, and you aec that in its fipectrum there is 
no disc out [nulty^ You have every colour, or rutlur 
wavc-loiglh, of visible light, fioni ihc lowcsl red wbidi 
the eye can sec, Lp to the highest viclct wliich the eye 
can sea There are irrcguUhlies of brightness ia llic 
spectrum, but these arc due to the fact that wc have 
the glowing gas 'a& well as the luminous black bo<}y. 
But if I i>ass to the spcLtruin of the glowing gas bjf 
aUcriDg (as I now do) the position of the carbon poinb 
inside the electric lamp, you now see in the dark in- 
terval between the two continuous spectra on the screen, 
each bi^lougiiig to one of Uil* carbon puuits, brighl lines 
showing definite kinds of radiatioiii and those on^, 
while the black bodies give you every posaibk- variety of 
tJnt, as :t were, from the lowest up to the lii^^Iieat \'isib!e. 
This glowing gas, which is the spark between the two 
po1e.-5, gives you only c(^rt<iiii defmile ki:ids uf light 
At present it is vcr>' difficult to tell, without careful 
measurement, to what particular vapour cacli of theae 
rays belongs, because the composition of the glovi^iTig 
gas between the poles depends for the moment entfrely, 
or almost entirely, upon the impurities in the caihon 
points, which have been vaporised by the intcDBC heat; 
and. therefore, though 1 can at once see. partly from ils 
po&ition and colour, but much more definitely frcm It* 
brightness, that the orange-coloured ray hekugs to \\k 
metal sodium, I could not, without careful mtAjfuTO 
ment tell what other subsianccfi arc incardc^ccnt in tfte 
spark there to produce the other bright lines- Uut if I 
were to introduce some substance into the arc {pUci'JK 
it upon the comparatively large upper surface of the Mw:' 
]>ole), T should be sble to sec what lines it proiiucc*^ 
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vrhctlicr by new lines appoanng or by the strengthening 
of those already present. To illustrate thi.s, 1 shall take 
a small piece of meiallic sodium, and render it incan- 
dcscirnt upon one of the carbcn iiuints ; ihca, as it is 
highly volatile, the space bct^pVccii tlic twc carbon 
points will inTincdiatdy be filled principally with vapour 
of sodium, Vou see at once that the orange line, to 
which I have already called your attention, is very 
grcalty iniT^iisifJrd— the ochi^rs being but little affected, 
tiiou^h, if anj'thing^^ rather weaker than before. That 
depends upon the fact thiit the sodium vapour olfera 
much less resistance to the voltaic arc than does air, 
The sparV i^ both longer and at a lower temperature 
than tt was before I introduced the sodium. 

To show tlic testing nature of this mode of disctimi- 
nadng between different substances, i lake a small por- 
tion of a metal which was discovered by the help of the 
apectrovcope almost immL-diately after this method of 
ot>&ervation was brought inl<* practical use. You sec 
that, in addition to the feeble bands which cross tl^e com- 
paratively dark space between the ccntinuous spectra of 
the carbon poles, we have a new one of great intensity 
ant! of an exquisite green colour. This is characteristic of 
the vapour of the metal Thtilhuiu (doscly allied to lead 
in many of its physical and chemical properties), a small 
pOfUon of which r had placed upon the lower carbon. 

The linat experiment I have to rihow in this connec- 
tion is the converse of this. We are now going to ta!ce 
lia t!jc source tff light one of the carbon pohits, an incan- 
**«scent black body which gives us all kind^ of radia- 
t^ons, Irom tlic lowest to the highest^ and we are going 
lo niake the sodium vapour, whose particular kind of 
i'^^ialijjn we have already smdJedj the absorbing Iwd' 
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and «ee what part of the coatintious spectnim of the 
JncaadcKCTii Mac!- body it cuts owl or rcfuBe* to a!loir 
to pAs^ And in thu cxpcruDcut of courv Tc?it?i llic 
definite prooC so Car fts one dngic ois^ of cxpcrimcTtt 
can give ti dcAoite proof, that tlic absorption and radia- 
tion ane ^^xactly cqnivalciit to one another in e%^ 
pafticnlsr glowii^ gzjL 

I pUc« Dear the slit of the electric lamp a powaful 
Bunacn htimcr, irto whkh my assi.<tUnt ivill introduos 
a pclict of metallic tedium in a little iron «poon. Yod 
9ec firct tl«e combustion of the naphtha in whidi the 
«o<liiiin w«i kqit <lo prevent its oxtcl^ukm), ihm tn i 
few momenU you have ah cxccsMVCly bright monocbio- 
oiatic fUmc, who«c light is due almost entirely to the 
incandescent sodium vapour. You «« the weird ex- 
pression of one anothct'* coimimancrs as ihi* ffo^ 
dragon dame becomes more and more intense I 
interpose a sheet of pasteboard to prevent ita direct 
light from falling on the screen where the spectrum tf 
the carbon point h for the moment seen continuous 
1 now move the Bunseti lamp shghtly, so thai ibe 
carbon point must shine through the sodium flame, afxi 
you ace at once a dark, almost perfectly black, bond 
cut out of the othcritise continuous spectrum, just M if 
a pencil or other opaque* body had I^een InierfjtJsci 
You sec it is exactly a prolongation of the orange hand 
of sodium still furniaiicd by the voltaic arc. and >w 
5ec that it appears and disappears exactly aa I put »J"^ 
lamp in front of the slit or withdraw it. 

It Wdiild br easy to extend a srries t>f exprrimtllt* 
of this kinJ. but there would be a vcr>' great tl^^^^l ^ 
sameness about Ihem, because all we could do wm^ 
be to show over and over again that certain b^diC* 
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when incandescent give perfectly definite kinds of light ; 
and that the same bodies when incancJescent, but ccLdcr 
than the carbon pcle of the electric lamp, cut out from 
the otherwise coiitiiiuaus s[ject(um of the caibon pole 
precisely the kind of light they give out wIkij they arc 
themselves made the source <jf hglit But in order to 
conx'ert this rude experiment into a perfectly definite 
physical m^fthkxi of measurement and proofs It is neces- 
sary to take [utjre refineil uic-^ns of comparisou than 
the methods I have just used. First of ^\\, it is im- 
portant to mate the slit an extremely narrow one. 1 
was obliged to make the ^lit niodeiateTy wide that you 
might see Uie various colouied images of it; but iu 
order that we may have a thoroughly trustworthy mca* 
surement, X must make the slit e>ttrenicly narrow, and 
then we shall have perfectly sKirp definite lines, only of 
the breadth of tlieslii ilself, ghowing the'^e Colon rB, You 
sec them now perJinps haif-an-iuch or one-lhtrd of au 
i^ch broad ; but tt is perfectly possible, and necessary 
for exaet physical measurement, to make them exces- 
sively narrow, and to measure with the most extreme 
tare their relative positions with regard to one another- 
Anotlicr necessary detail is to plact the prism, oi prisms, 
m the position of mmimum devirition as it is called — in 
which case the rays make equal angles with the surfaces 
uf the priiiin at which they enter and escape. Then 
and jiily then are wc euUtled to conclude that there is 
absolute coincidence bclwcea the dark absorption Hncs 
^nd the bright lines due to the same incandescent 
^our, according as it is employed to absorb or 
^ rdtli^ttc. Wlien thi* i.^ to he carried out with the 
^tffioi^t perfection attainable hi modern optrcs, we eni- 
P^>"iii^l the mcthgd of projection upon a screen^ ^-Iiich 
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I have used just now, but a far cnorrddJcfite fncthod, 
invented by Fraunhofcr. in which ihc wys arc rocdvod 
by the objcct-g[a»3 of a tclcdcopc^ ao that in the air, 
at its focus, an ima(;« of the spectrum may be formod. 
Thia may be examined by meains of aa cyc-pioccw 
powcTfijI a« we choose-, so ihit ue nisy separate tlie 
difTerent kind& of U^ht raUialcd by ^ glowing gas, by 
telescopic power as wcIJ a3 by increasing the number 
of prisma. 11/ usin^ telescopes more >ind more powerful, 
and grestcr nuoibers of prisms^ as; you c;in citsily can> 
ccivr, (bis melhod will enable us to measure with the 
utmost riccty, to any degree of approximation that may 
be desirrd, the rcliVtive distances between the various Iiatt 
of t]ie spectrum. So we have the mea^ns^if we apply thest 
refined methods to light from celestial sources, and also 
to that fmm known tcrre^-itrin! sources, of detctmima^ 
whether the different radiations and absorptions ob^crvol 
belong: to precisely the same wave-lengths, that is. haw 
precisely the same positions in the spectrum ; and there- 
fore we hive a* cuitip]t'tt' physical proof a;* it is poi&ihl« 
to desire of the presence (smnewhcre or other in tlic 
path of the light which comes to us from a celc9lial 
body) of the incandescent vapour of a particular knaffn 
terrestrial substance. 

This, then, is the basis of spectrum analysU as applied 
to pfobieciis ctmncclcd with tlic physical univasc. J 
shall now say a few words about the results of tb* 
application of this method of investigation to the $ud. 
fitarSf nebulae, and comets. The literature of this itib- 
ject has become very extensive coJisidering how nCWil 
is. Seeing that the subject is barely fourteen yd^ 
old in its definite applications, it is astonishing to firio 
that it already fills many volumes of special trcatiscj 
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3Uid a \iQsi of scattered papers, and still more to find 
that a great deal of wha^t is there contained is thoroughly 
I^QpuIar and yet thorougMy Ini^tworlhy. 

On a point of tills kind, therefore, most of you by a 
little reading can acquire aX least as much information 
as I have to give you. Therefore, while I must tske 
some TTotice of \t^ I need not at all dilate upon it, 
though it i« a very important and mtemsting part of 
our subject 

First of all, let us consider what wc do see when wc 

treat sunlight as it conies to us from the sun, as a whole, 

that is without sjiccifying any particular portion of the 

surface, Take a beam of sunlight and subject it to the 

same scrutiny which we have employed to-day upon the 

light of tlie electric arc jnd the c^i'bon points. It is 

impossible in any coloured diagram to represent accu- 

rati:ly the solar spectrinn, and tiieicfore no graphical 

delineation will at all supply tlie place of an actual 

examination of the phenomena. Nor will a verbal 

description; so I shall be very brief, Wc find at once 

t^t tJie solar specuum is crosi^ed over by an enormous 

num1>er of black hnes, perpendicular to its lengtli ; 

precisely as the black line lay which you saw a little 

ago across the otherwise complete 3pc-ctruni from which 

i| bad cut out a porltcn. We arrive therefore at the 

cnflduiion that the sunlight must have come originally 

ffoin some bliick body^ or opaque body, which Is iu- 

(casely self-luminous, and which may be cither in a 

*^lid or in a liquid state, — possibly even in the state of 

extremely compressed gas. However ihii^ may be, the 

Source of light in the Eua» whatever it is, must, in so 

*4rasw^." can see, give off all kinds of radiiitions, 30 it 

^ Pf&ctically ^ black body. These black lines, or gaps, 
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in wlot wouUl ochenroe he A contiDaous ip^cutina, must 
thcrdon? he due to afavorption bj vapours (vilAIuntioouS 
or not) which arc somewhere ta tlic path by whkh 
the^ luo rays amve at our earth. 

Novr, the source of a put of these liaes has been 
Ieqowq for a very loog linje, — ftiQc<! Sir DaviJ fire*- 
stcv's early day^ in fact, (at he Oi^cmcicU Ui4t llicy 
vcrc due to absorption by the earth's atmosphere. Wc 
kttoir the earth'A atmoipbere does abeorb a i^caC deal 
offttii}ls:ht. The ri^uif* sun, wtien ve see it obscured 
1^ vapoun, b by no meatu comparab!!? with the sun 
tn lli£ zenith ; but tliat U iiiatrly :t kind of abMirptloa 
which would be fivcn by ncxitral tinted coloured (taai, 
which would tone down the various rays in only ^Ui^htlv 
dilTerent proportions, s-cry much, in fact, as ihcy are 
toned down b>* rfflcction, as whc'n )'o<i 9cr an ima^f 
oftliGfain in a pool The tcHcctcd sun is very mud 
lc33 bright than the direct, and after two or three rdkC' 
tions from a glafis surface may be looked at withoui 
injury to the eye. But here the effect is a mere geneiaJ 
wcfllcenmg nf the Hght, there \% nc *^pecial or tiflectivc 
absouption. The atmosphere might merely hi« 
weakened the various kinds of sunlight in some sad 
neafly constant prnporlion, but Sir Da%'id Brewster 
found it did more than that. He found that whefl jw 
comp;tr(T thr *nlar spectrum when the sun is high atI^ 
that of the sjitnc ^un when it ia rising or setting, ilwrf 
arc a great many more lines crossing it in llie )fltt«J 
than in the former case ; and he concluded that, a* t!w 
only difference of circumstances between ihc two cases 
15 th;it ihr ^ame rays had lo pass through a much 
longer extent of the earth's atmosphere (and especial!/ 
through the dense part of it), when rising or settii'£j 
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Iran when high, therefore these new lines at least are 
Sue to absorpllon by Ihc air, or by aqueous or other 
rapoLF in the air- 
It is posaibli:; by that very simple corapamon of the 
ipcctrum of the sun at rising with the spectrum of the 
n at mid-day, to classify the missing rays, and say 
re arc some whose absence is obviou^ily due to the 
^it]i*a atmtJSphcrc: the lemaining ones we cannot 
^couut for by anything terrestrial, — wc iiiuat go cither 
K> the space between tis and the eun or to the sun's 
ktnospherc for thf^ explanation of their cause, 
Now, it i^ obvroiia tlA^t if (he absoqjlion ^vcre due 
to the suns atmosphere or to the earth"* atmosphere, 
at to 3omc other meditirti between us and the sun, that 
edium would treat the light of all the other sUri just 
it treats the light of the sun ; and therefore if these 
nes in the so!ar spi^ctnim which are not accouutfd for 
y the earth's atmosphere can be accounted for by 
nything in space, all stars should have spectra con- 
ining the same darlc lines as arc found in that of 
e sun, 

Kaw that Iiaa been fouixl lo be by no niean?^ the case, 
any stars have spectra totally different from that of 
e Aun, as well as from one another. Therefore the 
pectrum given by any panicuUr sun or star is due 
y to its own atniosphertr of incandescent vapour, 
can tliu^ study the chemical coniposition of the 
osphcre of that sun by simply finding what terres- 
trial substances, put into a Jimisen flame, or rL-ndcrcd 
JiCundcaccnt by electricity, will produce bright lines in 
it* ^l^r^tnlm corresponding to the dark lints we find 
"J the spectrum of the star. Here is a small portion 
^Ihc graad drawing made by Angstrtim, a mere frag- 
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ment of hU map ofilie solaT sp«crum,— not above odf* 
thirtieth of the whole he his dtpictcd- The nmnbco 
above indicate the wavC'Icngth. in fractions of a miUi- 
metre, 'lliiis the three cortspicuoufi gt«cn lines of nug- 
netium, forming the fjrcwp cail«d * by Fraunhofer («* 
di^gr^tni, p. 190^ art seen here to liave watv-loigiis 
of o~"ooosi67. o'^-ooo5i72, and <r"xxx>5i^3 respoc* 
tivdy. This portion, as you sec, contains a nuoubcf 
of dark liacs. Well, when you pase sunlight throi^ 
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one-half of the slit of the spectroscope, and light f^^ 
incandescent materials (in the electric arc or jn tf ' 
induction spark, or even a Buiuen lamp) through * 
remaining hiilf, and examine ilitm through the WO**. 
train of prisms, you get two spcctia as here nrprcacnw] 
the one of sunlight and the other of the tcncrfrm! s"^ 
stance, spread out side by side. Any two rayswliidip 
in pacing through a very long series of prisma umJo^ 
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racily the same trcalmcnt, mual be of the aame nrfran- 
bility ; and therefore^ by what I have just explained 
)^u, due to the same definite substance 
In the band just below ihe portion denoting the solar 
lectrum, all the full lines represent lines which are 
dually observed In the spt-ctrum of metallic Jron- 
ooklnff up, yon sec the exact coincidence of each 
ith a correspoTidinc line in the 3obr spectrum- You 
:e llicre are abouC thirty eoi'ncidences even in this 
nail part of the solar spectrum; and so throughout 
le sprctiuni the nunibeT of coinciilences between 
:tual briglit lines given by incandescent iron, and 
ssofption lines in the solar spectmm. may amount 

Keral hundreds. By recording both spectra pliO' 
ihically^ it appears probahlej from some recent 
Kperiments^ that these hundreds of observed coinci- 
cnccs may in a short time become thousands, Novr, 
B Kirchhoff has shown, even jf there were not an 
^bntcly ascertained coincidence in any one of these 
Bb,-^— if It wereonly so near a coincidence that we could 
lol bt perfectly eertain, by means of nurinstrumeiits, that 
iwas an exact coincidence,— stilt looking at the <iues- 
bn from the point of view of the theory of probabili- 
itt, the chances of iron's not existing as an absorbing 
Utrftum in the snn's atmosphere, as estimated by a 
-crsfin who has seen even a moderate series of at least 
Pprctxtm^te coincidences, would be represented by 
flws again5t a number which 1 cannot pretend to un- 
cruand, but which contains some thirty-five places 
ffigures. You can see then what extraordinarysort of 
TX»hahitity there Is that iron is there ; and when T say 
lat that probability was derived from only a compara* 
Vdy few coincidences in the solar spectrum, how cnor- 
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moimtx greater would it not be i^xrc wc to take account 
of all DOW kiiowa And not only this; Lines whidi 
in the iion spcclmm, arc strong, — arc cone^pon<liflgly 
«roDg in the solar spcctnim—to every grado of nlctljr- 
So far, then, iron mu^t be in l^rgc quantities in the 
5uii*s atmosphere \Vc lirid alac that nickel must cxiit 
there Every bright line shown by incandescent vapour 
of specimen* of nickel in our laboratories (nhctto 
thfsr s[»rcitnc;ns bt' ttrrMtdal or roAmic^l, ijr meleork) 
corresponds to a tlaik Ibe in the solar spectmnt No* 
only ao, but the character cf each bright line and the 
corresponding ab-'^orption line U the same. Very bright 
lines corres}Njnd xvith very dark ones, broad line* vitii 
broad, narrow with narrow, double with double. Some 
Urc* apiwar to be given by two different substance^v a* 
iron and niclccl. for instance- This is. probably, it 
the ^rcat majority t>f ca^^cs, due to slight impufitics 
of the spociEnens tried, Variou* other substances 
;ire shown In this small poriinn cf the spcclnnif.— 
nia^nc->ium, manganese, cobalt, ditomutiu, sot^iiuQl 
titaniunu and calcium. The number of titanivim tiiicf 
haa been shown by Thalen to be very much in c:f«s* 
of even the enormous number of ircu lines I Iia« 
rnenliontd. 

So far then this has been a qucstJoii of llie ,ipcctni» 
of light taken From the whole surface of the iiin ; t)*l 
it becomes an exceedingly curious question, Are iheff 
local differences in the light from tlut siirf*«; 
and if so, what arc i'iwiy ? when we refleci tJiirt 
there are such ihinga aa sun-spots, and also wlicn** 
think of those peculiar red llamcs. as tbcy used W "^ 
called, which are seen round tlie dark body of the rnom 
during a t^al eclipec. It becomes an exceodio^l)' 
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curious question wh;itwe shall get if we take sunlight 
from a limited portion of the sun's surface, as we can 
do by utiing a telescope lens of long focus. We form 
by nKans of it an int^c of the sua of an inch or so In 
diameter, and place the slit of our spectroscope succes- 
sively on various parts of that imagen 

It was to be expected that some very important addi- 
tional information would thus be obtained. Now, such 
information you can quite easily procure for yourselves 
by reading works like that of LocVyer, but I may just 
veiy briefly indicate its nature. In the first place, we 
find that from sun-spots in general we have those 

jriTTa. TJs. 





absorption lines a little thicker and darker than from 
sunlight as a whole, so that it appears that there is 
issocUted with the ^mn-spot something which produces 
an excess of absorption. Tlitre is a more powerfully 
absorbing medium at the place where the sun-spot 
Appears than at the places where faculre or bright spots 
appear In the particular spot, a portion of whose 
Sfjcctrum U herL- figured, the lines (/?] and Di) of sodium 
appcjr not only broadened over the spot, but /-cY'crj^j/.- — 
f-«. bright instead of dark : — ju3t over the middle of the 

en, when we come to examine the red flames or 
pTomlfiencea, we find that in general their spectra con- 
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gist fiimpty of bright lines. Sijch then is the spectrum 
of |>ftTt 9t least of the gaseous matter which surround 
the sun, and it W the upjitrr portion nf the absorbing 
mcdtutn which ctits out thcvc bUck lines from wh^t 
would othcru'i»c ht a continuous spectrum, and yoa 
easily trace what lines it does eut ojt. For in^t^ncc. 
here is a dark line {€) la t!ie red [see dia|rram, p,. 190, 
uhlch &I1UWS, a*i tliroutjii the: aame slit, llic spectra (/ 
the sun and of a prominence], which is iluc to hydtogct 




gas. Well, we find these red flames owe their 
to the particular colour of this line of hydrogen- 
this bright red line is one of the main features of tTv 
prominences. Thtn we fmt! a yellow line very oeaf 1/ 

coincident, as you hce, with the lines af sodium. N^ 
body OS yet knows what is the chemical sub^TaoCf 
which produces this particular line. It correspoaJd^ 
no absorption Itne iisnally found In the sun's spectnio' 
(though you observe a trace of k in the spot fpccLiuni 
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last showed you), and therefore it must be due 
sstancc m ^ pccuHar condition Cripablc of radU- 



3Ut of having its absorption madG tjp for, — some 
incc which possibly we may not yet know. Po*- 
it m^y not be a terrestrial i^ubstance at all Btjt 
:iii"s here, very nenrly giving a coincidence with 
n ; but its light is not only more refmngible, but 
BS the distinctive property which sodium has of 
\ a double line 'i'hcn we find several other lines, 
ting two — or I may say three — more, due lo hydro- 
so that the spectnim of these flames consists 
of the spi.-ctmm of incandescent hydrogen ga.s. 
another drawing of a small portion of the 
of the sun and a prominence, which shows the 
incidence of the bright and dark lines, 
se now we had a telescope to which the spec- 
ipe conld lie adjusted : on looking at a rtJ pronii- 
without the apectroscope wc should sec one 
it would be an image which consisted partly 
partly of the green, partly of the blue, partly 
rays of hydrogen ; but if we combine lele- 
d spectroscope, the combination would enable 
from each other, along the line of disper- 
S colours ; and the edge of the sun 
treated in the same way. All its colours 
c spread out from ore another, but they would 
d :jut at a disadvantage compared with the 
f d monochi'omatic line; Because however far 
arate one such line from another^ yon do not 
cither. They remain, except in &o far as re- 
from the surfaces of llie prisms (and ab- 
wlthin the prisms) weaken them, as strong 
But if you take a corresponding por- 
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tion of sunlight, then, since it (ivcs practiCAliy a con- 
tinuous spectrum, you spread it uoiformly o^^cr as lon^ 

■pac^ ai you choose. So by the aid of this propertyp 
the 4olar ipcctntm i« practically contlnuouf!, except 
where there arc interceptions of light, you can sprwd 
,it out* anJ thus weaJccn it throughout &*> much s?i you 
'pldsc ; vrhcrcw the other apeclrum consisu of per- 
fectly definite bright lines, which you may spread u 
far ;ipart from one another as you please, but which 
you cannot individuaUy weaken. Hence, howev^ 
jttrong be the glare of sunlight aulTicicnt dispcrai^'c 

iwcr will enable us in line weather lo examine the 
?q>eetrum of the red fl;iTnes. 

This is perfectly analogous to the observing stars ty 
daylight, which, you are aware, is done in every fixd 
)b9crvatory b>' means of a good tcleicope. It is simply 
because the difl'used light of the sky allows itself to be 
weakened farther and farther as we spread it over a 
lar^^ and larger image, while the light of the Etv 
always comes from the same dcfinilc point; bccau«; 
no one has yet made a telescope showing a star's dijc 
{except as a delusive appearance due to difiractionl, si> 
th&ti magnify it as you please, its lij^ht corner: from the? 
same definite pomt So it remains of the same bpgM- 
nc^s, while the background may be made as dait a* 
you please by spreading it out. In that way, by co^n- 
bining tlie spectroscope witii tlie telescope, and widen- 
ing, or altogether dispensing with the slit, it is. powibb 
to study the phenomena of thc?^^ red frames, and, in 
fact, the whole behaviour of gaacou--^ matters roupd thf 
edge of the sun's disc^ without ivatting for a totJ 
cdipsc, This 15 an extremely beautiful adaptattoia ^ 
means first made theoretically by Lockyer, and afief- 
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wards by Jansscn. but brouf^ht into practice nearly 
simultaneously by the two astronomers* 

Here is the result as applied to a particular portion 
of the sun's drcunifertncc. The body of tlic sun wc 
will suppose to be under that picture These arc simply 




eruptions of glowing gas from the sun's apparent sur- 
face. On the same scale there would be another image, 
a green Linage^ situated almost at the end of the room ; 
then jl long way beyond, an indigo, and finally a violet 
one. I3ut wc have by means of the prisms separated 




that particular image from the others, and thus we 
have litre a monochromatic reprt: cental ion of what i& 
above the surface of thi: sun, in -^ far at least as incan- 
descent hydrii-gcn gas is involvcdn When 1 point out 
that the change frcm the first figure to the ^cond took 
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pUce Fn the coune of a icw misote^ foa w31 sec vW 
exceedingly rapid chaitgca arc goii^ on in these sel^ 
Idmioouv clouds ; Sftd when I further tdl you that tk 
hci^ of this pfomincDcet wfaich is a ttrcam of hydro- 
gen nishtng violently up from a rent in the sbHacc d 
the sun, is something like 70^000 m^lrs, you will kcc 01 
^hat a stupendous acalc. and with what trcmcndooi 
vetociticft, thcac phenomena arc cons-tantly taJcii^ plact 
So far then for the sun. ^lien m compare tbc 
ipectn of dilTrrcnt 'r\s^i% with th^t of the sun« we cone 
to some very curious concluiions, Wc find four cloascf 
of spectra, as a rule, amon^; the different fixed 5bn 
which hav'c seemed of importance enough to be separ- 
ately examined. The ^rjtt clau of spectra arethotec^ 
•u'hiu ikiAZi.. You *ee an admirable example 10 Veya. 
and nncjthcr in Sinus, or the dog-star. All lhc?«; white 
stars have this characteristic, that the)' have an a!(nost 
continuous spectrum with few dark lines crost^in^ it, 
and theiK! few for the most part lines of hydrcfjen, 
Tli<?S(! Hl;in4 are m all probability at a considerably bi^cr 
tciiipcrr.tlLiiL* than the -lun, Tbca you come to the cU*s 
t>\ ytUow stars, of which our sun is an example. \t 
Ihcir spectra you have many more dark lines than i" 
tliose of tbc white Htars, but you have nothitij;^ of tfic 
nature of nchulous bandii crossing the speetrtjin, such 
AS you find in Uie third class ; still less have you ce/taio 
curious Eoncs of sliaded lines which you have in th* 
fourth class of starsn This cLis9i5cation seems to potst 
out the period of life, or phase of life, of each particulir 
star or sun. When it is first formed, by the impact (rf 
cnormousquantitics of matter coming tog;ethcr by grai^ 
Ution> you have the very nearly continuous spcctivst 
of 1 glowing white hot liquid or solid body {or, it 
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be, dense gaa), the sole, or nearly sole, absorbent being 
gaseous hydrogen in comparatively small quantity, and 
the spectrum having tlierefore few absorption lines. 
As it gratiually cools, more and more of those gases 
sarrounding its glowing surface become absorbent, 
and so you have a greater number and variety of lines. 
Then. 33 it sliil further cools, you have those nebuIou3 
bands which seem to indicate the presence of com* 
pound substances ; which could not cxi^t in the first 
two classes, because there the temperature is so high 
as to produce dissociationi Still further complexity 
of compounds will be found in the atmospheres of the 
fourth class. But sometimes^ as in the case of tem- 
porary stars, a speetnxtn of the fourth class is sudcJenly 
crosseJ by tlie bright lines of hydrogen — showing cither 
a last effort at the discharging of red flames, or a flicker 
due to some last chance impact of meteoric matter- 
So that we can study, as it were, cot the succession of 
phases of life in any one particular star, but different 
simultaneous phases in many : we can study some stars, 
as it were, starting into hfc, others getting older, other* 
older and older ; and we occasionally find a most re* 
fnarkable circumstance happening with a star th^t has 
practically died out, — a star which is scarcely notice- 
able by tile astrLinuEiTer. ^iiicli a star occasionally has 
an outburst, rendering it for a. little time — sometimes 
for several years— as brig^ht as Jupiter itself. One 
luch case very luclcity occurred wJlhin the speclro- 
cope period. It was carefully examined by Hu^n^ 
Liid the result of the examination w;ts to show that it was 
I star which had gone on cooling, or at all events had 
reached the lowest of its cooling stages, but suddenly 
became bright, because of an outburst of liydrogea 
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Bright Una broke out acm?o it< sprctnim. shoving 
thaE the incandescent gas which was in its «tm<»phcn 
waj at a hi^xr temperahire than t^ stAr irscEC Now, 
tilts leads mt to another and a c\tri<i-js remarlc abouE 
the lines of hydrogen whi^ we see tn the sun. Here 
is a pottjon of the soUr spectrum as 5ccii under pa^ 
ticuhr conditions. It belongs to a solar spot where 
the amount of radiatioD Is Jess than th^t from tiM 
general body of the sun around it. Ch-er that spoc 
there muU have floated an incandescent hj'drogra 
cloud at a much h^hcr tcmpcniture than the nL<iit- 
iDg portion of the sun at the »pot, and therefore it 




was capable of radiating more of the hydrogen Ug^E 
than there was to absort>, so it behaved as a radatiaf 
medium instead of an absorbing one ; and therefore 
the green line in the solar spectrum which is due to 
hydrogen came out as a bright UoCp After nutchiaf 
tbis phcEionicncin for a short time in this partiCDbf 
form, the observer saw it change into a line with abngitt 
portion at one side and a relatively black portion at the 
other,— one [art evidently due xo radiation, the other 
to absorption, but both closely connected. WJiy did 
one half become bright and the other half black ? The 
answer to that leads us to a study of a vcrycunou' 
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r» mX I must defer 1Ul3 to aaothci lecture. Mean- 
while, as I have the electric apparatus, there is another 
experiment I wish to show, though it is not direct!/ 
connected with the subject 1 have been discussing. 

1 have here a cube of the well-known Ctinary gla^s, 
whose colour Is due to Oxide of Uranium, When I place 
it in the path of the rays from the electric arc it shows 
brilliantly its characteristic yellowish green li^^ht Bat 
observe dial this dark violet glass, when interposed 
between you and die cube, renders it practically in- 
visible — in spite of its brilliant iiluminalion. Thcviolcl 
gJasa is practically opaque to this yellowish green light. 
So far the experiment presents nothing very remark- 
able. But I now close the aperture of the electric lamp 
with the violcl glass ; and dicrc, in the middle of die 
almost invisible beam which it allows to pass, is the 
cube of canary (riass showing its characteristic colour 
almost as brightly as before. 

Obviously the canary glass has changid the light 
which falls upon it: — for liglil can pass dirougli the 
violet glass and afterwards develop the greenish colour 
to which the violet glass is almost opaque. This is one 
of the very beautiful experiments by which Stokes 
physically explained Ftuoresccnrt as a change produced 
by certain bodies on the refrangiLility of li^ht. 

Here is another exquisite experiment of die same 
kind' 1 illuminate (very feebly) a sheet of white paper 
by the radiation through the violet glass. With a brush 
dipped in a soKnion of sulphate of quinine, slij^htly 

iduUtcd by sulphuric ancid, 1 write letters on the 
r, and these at once aliinc out brilliantly with a 
blue colour. Tills also is Dearly invisible througli 
the violet glass. 
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In both experiments the altered I%ht is of lover 
refran^bihty than the incident light — another instancv 
of degradation of energy, 

The point I shall first take up in next lecture is the 
point left unexplained to-day> — ^how it is possible for a 
line which was originally dark in the solar spectrum to 
broaden out and become bright, and then for one por- 
tion to become dark while the other portions remain 
bright 
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You remember 1 closed my lasl lecture hy pomting 
3Ut to you a diagram of a portion of the solar spcctium, 
in which wc had side by side a bright line and a dark 
Due, due to the same substance, namely, hydrogen. 
I told you that there was a very beautiful point of 
theory involved in the explanation of this phenomenon 
and I proceed to g[vc it. 

Let us titke the simplest possible analogy. Suppose, 
for instance, that we hud Mr. I'erkins' steam-gun, and 
suppose it projecting bidlels in the same direction, suc- 
ceeding one another once every half-second. Then, if 
e target were held in the path of these bullets, it would 
of cour5c be strack izo times per minute. But suppose 
that the target were to move up towards the gun, while 
Ihe gun still kept on discharging the bullets at the 
Same rate, it is obvious that it would meet more bullets 
lo the course of a minute than it would meet if it were 
■landing still. If you were to withdraw the tai^et 
E^<lually, keeping it always however in the line of fire, 
Yqu would get fewer bullets per minute ; and jf you 
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were to make it moi.<e away from the gun zX exactly 
the fate at which the ballets are coming, then no bullett 
wouM reach it m aII. One bii1]c*t would be in its nctgh* 
bourfaood. and would rciHAiR constALitly at the same 
dbtancc from it ; for, m fact, the target and the buIlcC 
would be movinf; with the s:ime raptdit>'. 

pKciftd/ the 5afne thing may be observed in passing 
over 'A »et of w;tvcs. If yi:u Are straining through & 
fct of wAves in the dircetion m which the waves aK 
going, it i» qttitc concciviiblc that you may be steaming 
so fait AS to be riding on the crest cf a de5nite wave 
all the way ; but steam a little more slowly, and yon 
will sec waves (gradually pa.'vAing yon ; Mteam still inait 
slowly, and a greater number of them will (mss y\i\2 per 
oUfiQtc^ If, on the other hand^ yoti are steaming so as 
to meet the waves, then you meet more than tf you 
were not moving. The faster you go yo\x meet the 
■lore wavc^ per minute ; and there ts absolutely ao 
limit to the number you may meet per minute, ifyos 
could only move fast enough to meet them. Now the 
impression, be it of pitch or of colour, that is produced 
upon ihc car by sound, or upon the eye by a luminriu* 
radiation, depcmts entirely, so Tar as our present pur- 
pose is concerned, upon the number of thcM: waves 
which meet them per scrcond Therefore, if we are 
moving towards a sounding body which is givin|* out 
a particular note, the number of waves which reach ouf 
carper actond will be greater than it would beifwc 
were standing stili, or (generally) if we were at rest rcU- 
lively to the body. And as a higher note correspoadi 
to a greater number of waves reaching our car per 
second, it Is obvious that In the former case, whether 
we arc moving to the sounding body or the soundlof 
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body is moving to U9, there will be a greater number of 
waves reaching our ears thnn if we were at relative 
rest ; so ihat we should perceive a higher pitched 
-saunt) tlian what is aclually given off by the sounding 
body. The experiment baa been made by tbc lit^lp of 
a railway engine — first in Holland, and since in other 
countries — by stationing upon the engme a trumpeter, 
who had beside him a musician to control exactly the 
note that he should play. The musician, of criiirse, 
was moving along willi the trumpeter, and therefore 
heard precisely the note that the trumpet was sound- 
ing. The sound, however, was also heard by other 
musidans who were placed at the side of :he Uiic, and 
they noted that the faster the engine came up to them, 
the higher dJd ihey hear the note which was played by 
the trumpet ; aad the faster the engine went away after 

te5ing them, — the faster it retreated from them,— the 
er did this note appear to be, 1 have no doubc 
that yoU' — ^t aJl events those of you who have paid any 
attention to musical sounds — will be able at once to 
perceive this effect by means of such a simple inslru- 
raent as this tuning-fork, even with such comparati\'eIy 
sliK:hr velocity as I can give it by swinging it in my 
h^nd. For the success of an experiment of this kind, 
it is better that you should close your cyc^^ la order 
that j'oii may not associate the reault with any move- 
ment which you may observe on my part ; and I shall 
endeavour to perform the experiment without making 
any noise whtch might indicate to yim how I am 
movini^, or whether I am moving, the apparatus at the 
tiutant. [Experiment shown,] You notice, then, that 
during the interval thai I allowed the fort to sound, 
there was a period at which its pitch appeared to rise; 
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tkcn immediately afterwords it appeared to fall \ tbcfi 
it to«« agam, and so on. We had a musical sound 
whidi was altematdy bigbrr and lan^er in pitrh ac I 
ahuply mo%-cd the vibrating fork to or from you. ood 
then, vAicn the fork was held steady, we had the origintl 
■ouDd Nour, precUely the icaiDe thiaj; happens witb 
regard to waves of UgfcL If you move so at to meet mon 
waves of light in « acEuod. ilul will conccipmid lo an im- 
pression upon your retina of a ht£bcr order of colour than 
if you were not movinf: to meet thoM w^vtfl,or Ifthe ba4p 
which was Mftdtag those waves to you were not movidg 
towards >-oiL Thtu you see that the light which cocoes 
to us from a star b capable, noC only, as I poiQtcd cut 
In my last lecture; of Abowiag what chcaiical subitaiKCi 
arc iacandeseent in tiic atmosphere of the star* whether 
as giving out l^t on their ova account or as ab»orb- 
Ing portion? from an otherwise eontmuou^ ^pcctnim, 
but h dl^o capable of pointing out to us whcUicr ihe 
star is moving to ud or from us ; or still more mtnutdy. 
whether a portion of its atmosphere is moving oo the 
rhole from us, and another portion on tlie whole to ui^ 
The fir^t application of tliis by the spectroscopr to the 
study of the relative motion of a ±tar with reference to 
the soIat system, waa made by Mr Hu^ina with reCcr^ 
ence to tlie dog-star. Of course, in order to find cut 
from such expenmcnts (which trll us only the rclarfvtf 
velocity of the earth and the star) what the actual vdo* 
cityof Sirtus is with regard to the sun, it is necesiiry t) 
consider iit whit part of its orbit Ihe earth is dunfi£ the 
observation, because when the earth lies in a Has froa 
the sun. maVirg a right a.ngle with the line drawn W 
Sinus, the cartli is moving much faster or much slower 
towards Sirius than the sun is moving. On the Ql 
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band, when the earth is iSo° from that po£itif>n, it ifl 
inoving slower or faster towards Sinus than the sua U 
.inovifig. When tht earth is so pliiced that SItilis and 
the sua are nearly en the same or en opposite sldt^s uf 
it. it i3 moving transversely ta tlie line joining the «un 
and Sinus, and its motion relatively to the sun pro- 
duces no mod ifi cat ion of the observed phenomenon. 
We should have in such a case the full effect due to the 
relative motion of Sirius and the sun. Corfecliog, ihcn, 
for the velocity of the earth relatively to the sun, Mr- 
Hu^ins found that the velocity of Sirius relatively to 
the sun is about twenty miles per second m a direction 
lending to increase ihetr distance; so that ever since 
the time when Sirius was first observed, it hits been 
steadily moving away from tlic solar system at the rate 
«f something like twenty miles per second, and yet we 
have not the least documentary or other proof that 
ithe brii-htncss or apparent magnitude of Sirius has 
become at all diminished in consequence, It has been 
leaving us at that tremendous rate, and yet so far is it, 
or has it been, from us all this time^ that even this in- 
crement of distance, growing at such a tremendous 
xale, has made during historical periods no perceptible 
r'chan^ in the amount of light that \vc receive from it 

The next application that was made of this principle 
nvu to verify the fact of the sun's rotation about it£ 
lExut. It i« obvious that, as the sun rotates about its 
\^xh m the same direction as the earth lotates, one 
I ]»Ortion of the ^olar equator, the portion to tlic left as 
y^ look at the sun— the left-hand aide of the sun- 
Is coming towards us, and the rightdmnd side of tlie 
flun i^ going away from us. The sun's rotation about 
^tB axis takes place in what is called the p03itive 
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dirtcdon ; that is, tfae opposite directicn to that 
ol the hand* of x watch, as looked at from the tiortli 
pole sitfir of the {tlane cT tlic elliptic Now, allhou^i 
the sun's rotation is very slow, — that is to say, 
tboim>h the 9UB takes abotit twenty-5ix days to cx^ 
cute A whole revolution. — slill, becaut^ of its cnor^ 
moiat dUmrtvr, the linear velocity of a]l parts of iti 
equator b very coBs«dcTablc Thcirforc if wt t^xaminti!. 
fay iDc«ns of A spectroscope, the lig;ht which comes 
Cpooi, Let us say, incandcsccflt hy^lrogcn at different 
puts of the soiar eqiutor, it should correspond to rather 
higlier lighl (more trfnmgihlr ray* — more waves p*r 
acDoml) from the left-hand side of the sun's a[uator 
vhkh b apprOAchtnET \^S than from the right-hand side; 
whSdl b retihitg from uk ; ;Ln<i, therefore^ if we could by 
a proper optkil cocnbinatioa place sJde by side, as oom* 
ifig thtou^ the same spcctrrwrope slit, the light ^\\^ 
outbyincandcscent hydrogen Mthc*^ mo excTcniceniis 
of the sun's equator as seen by r^f-. then %^ should find 
of the two h)*dn>^en tines, the one from the Icft-hafljl 
st<lc *hii>«tl a liitk up in the scale, and the ore from the 
right-hand sbiftvO a IKttc downwards Thcn^^ire ne 
ahotild findL of course, the hydrce:ea line in dJifcrcAt 
places of the t^-o spcctm ; and by mcasunsji: the 
amotint of displaccmert between the two^ ve c^ld 
calctdnle what a the rate of the motion of these poiats 
in the sun's equator to us or from u& comp^cil wiA 
the whole velocity of light in space. 

Now, carry this just a ^tep further, especially thinkioi;; 
of the enormous velocities {which 1 discoursed upon in 
la.*it lecturtr) wi!h which ttiese masses of doming hydro* 
gen arc thrown out in explosions or eiuptions froo 
below the ^-isible sur^e of the sun. Think of a rate of 
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several hundred miles per second, or something like it, 
wHtli which thc«f masses of glowing gas are thrown out, 
and you can easily see that if somethiJig of ihij nature 
of, but iocomparabl/ superior in dimensions to, a cyclone, 
auch as we have in our tropical regions^ were taking 
place, accompanied by down-rushes of colder gas, and 
up-mshes ofwiumcjr ga^, both of tht^e being incandes- 
cent hyilrogeii, the general down-rush of the cold will 
correspond to absorption, and the up-rush of the hot to 
radiation, There will be cold gas absorbing, but going- 
from Uff, and an up-ru*h of (on the whole) radiating gas 
which is coming towards us; and therefore we should 
OiicI tbc absorption correspond to a lower position hi 




the spectrum ihan the natural hydrogen line, while the 
bright line corresponding to the gas coining towards tis 
will belong l'> a higher position in the apectruni ; anJ 
so wc account for the double line referred to in my la^t 
lecture, the lower half of it nearest the red being darh 
or due to absorption, and the other side being bright or 
due to riidiaticn. Thus, even with a silt, the motion of 
these hydrogen clouds is easily seen by tlic blurred and 
broken form presented, whether by their absorption 
Jines as ieen on the spectrum of the solar surface ; or 
I ihtfir radiation lines as seen in the spectrum of the 
I regiiinK round the edge of the disc. Curious examples 
B of these two phenomena are shown in the diagrams 
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before you. Both represent appearances presented b)r 
the green line of hydrogen — in tlic lirst partly absorbent, 
partly radiating, the line is on the disc — in the second 
it is seen in a prominence, parts of which arc mcivii^ 
wiUi very great velocity. 

If we think for a tiiomert of the whole light sent Ufi by 
the sun, in whicii ^tbsorjition by hydrngcn far exceeds 
radiation by hydrogen, and think of the dificrcnt ixla- 
tivc rates of motion of different parts of the surfocCi 
tve see A physical reason for broadening of the hydrogen 
lines altogether independent of pressure and cj-clcne 
currents. Hence a star in which the ;4bM>rption bandi 
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SfV veiy broad may not necessarily have a dcnAC 
atmosphere, but may be merdy rotating rapidly about 
its axis. Thus caution is rfiquJsite tn interpreting sucfa 
apjjcamnces. And all the more ^o because Lord Raylci^ 
has called attcntiori to the fact that even wlien a mtm 
of incandescent gas is at rest as regards the vpcditor. 
its individual particles are in motion with sulticicat 
relative rapidity to render a very narrow brifibt OT 
dark lire an impossibility. Even very rare hydrogen, 
if very hot, will therefore give broad absorption bindi 
or bright lines. Other two causes, wliich may io 
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certaiit cases lead to similar results, T must presently 
point out to you, 

I may mention, before Icavmg this part of the sub- 
ject, thftt FoTc Talbot has proposed to ^pply the same 
principle to double star^, in order to liiid what is the 
distance of a physical system of two s!ars from us ; at 
least when ihey have one common absorbing con- 
Mitucnt in their atmospheres. If we can observe a 
double star, the plane of whose relative orbit passes 
(let us say, for example) nearly through the earth, 
then we may perform upon these two stars precisely 
the same operation as 1 have described wJtli reference 
to the light coming from the two crda of the solar 
equator; and therefore of cour^sc we shall be able to 
tcU what is the actual velocity of the one i^tar >n its 
orbit relatively to the other. We shall be able to cal- 
ciilate the relative velocity of the two^ whicli ts in fact 
the actual velocity of the one star in its orbit round the 
Other ; and knowing that actual velocity, we shall be able 
to calculate, from the observed periodic time, from the 
actual velocity thus determined, and from the apparent 
stxeof the orbit, not only what theaclualsiKeof the orbit 
is, but also how far that orbit is removed from us in 
order to appear so smalt as it does. So that by the help 
of this method, when properly applied, we shall be able 
to get perhaps a much closer approximation to the dis- 
tance of various fixed stars from us ihan we can get 
by the only metliod hitherto employed, namely, by the 
^determination of what is called their annual parallaXn 
tn fact, we may conceivably thus obtain a measure of 
the difitance of stars 50 far off as to show no measurable 
annual paiallax at all. 

You sec, then, that the light from a heavenly body 
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can give US new inrorxnation of very %'ariccl kinds, — infoc' 
mation which was not sought nor even thongbt of «3 
attainable until the introduction cf spcctnim analyiU. 
We can find out, first uf all, -A'hetlier the light vbk^ 
it sends to MS U light from a body of the nature of i 
3oIiJ in liquid, or jtt all cvt:nt.%» a body of high (;cncri1 
abaorbing povrcr* or whether it is tight from a body of 
comparattvely smaJt and specific itbsorbing power, sudi 
as a glovking gas. Then, wc can ;l1so tcli — and ihts ii 
perha]is one of ihe most cuHou* of M the appHcatidm 
— if it be a ^lowiag gas, at wliat pressure and at what 
temperature it cxista io order lo give ofT the spcctnim 
that we lind, because we eao operate upon tcrre:stnal 
hydiogen, etc. at various temperatures, and combine 
the^e with variojs pressures, and examine the upectrvm 
under all sucli possible combinations, and then comjujc 
thc^c variations in the spectrum vtith the varieties of 
hydrogen specEnim, which tA^e pet from the sun as a 
whole, from dilferent parts of th^ sutCb suiface, and 
from various fixed siais. Therefore we are able V* 
ass^n, not merely that it is this particular dietnkal 
substance, but also in what particular physical e04t<h- 
tions it is found in order that it may give that parti- 
cular kind of spectrum. Then wc can teH, as we hwr 
just seen, the rate at which that particular radiatta; 
body is coming to us or going from us. The rate at 
which it is moving in a direction transverse to the lin* 
of sight is of course to be measured by ordinary aatrc- 
nomical proces^s, and tlierefore this fdls up a famthi-^ 
something that was wanting to ordinary astronomical 
processes, because wc could tell perfectly xrcll how * 
body moves transversely to the line of sight, but it i* 
quite a novelty^ — at all events when the body is oat 



whose dimcABLons are invisible it) the telescope,— to 
find the rate ai which it is moving to or from us. 

With reference to oilier possible causes (which are 
often aX work — at least we may reasonably suppose so), 
besides varititions of temperature and pressure, for the 
broadening of lines m the solar speetrum, let us think 
first of a peculiar effect that may take place in conse- 
quenctf of the currents r>f hydrogen gaa in the smw'^ 
atmosphcrcH If part of the gas were going down slowly, 
part of it in a locality immediately contiguous going 
down faster, and then another stream going down still 
faster, ihen that part vvhi«h was going down slowest 
would give the higher absorption line, and the part 
which ia going down fastest frcfni iia will give the lowest 
absorption line ; and you -would have, therefore, instead 
of the single definite narrow line which would be given 
by hydrogen remaining at rest, a broad band of absorp- 
tion, parts of it corresponding to the dilTcreiit velocities 
of portions of the gas, AU these absorption bands 
may fine off, as it were, continuously into one another ; 
so that, although it is the same definite substfince which 
is producing them all, it is producing them in different 
places ;n the spectnim, and filling with comparative 
darlfncss a. definite breadth of the spectrunt, because 
iti different parts arc moving from us with different 
velocities. That is another way in which the broadening 
of a band may occur in the solar spectrum. 

liut, as I said before, it may depend upon the 
fact that differaices of temperature and pressure in 
general produce changes in the spectrum which a body 
^ivcs I shall come in another lecture to the considera- 
tion of the moleculartheoryof gases, when I shall spcalc 
tf the particles flying about withvery great velocity and 
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impinging upon one another, and upon the fiided cf the 
conuining ve»«t, and %o prodiKing what wc eall th: 
pressurr of ihtf ga^ Meanwhile, I shall anticipate- ^o 
ftr ss to s^y ihat when a ga^ is at the ordinary prca* 
fturc of the atmosphere, each particle has to roovc ■ 
distance, kt us say, of something like miA^^ dr 
t^nfr^qth of an inch on the avenige before it comcf 
into collision with ancthrr particle, and is sent into 3 
new path ; but if you were partially to cxltau^t the 
gas in the receiver of an air-pump, there would be so 
much fewer particles in a given space that the Icfig^ 
of the average path of any one particle, between one 
collision and thct next, would brr notably increased. On 
the other htind, if you were to compress the gas, thco 
you might bring the particles so much closer together 
that no one would, on the average, be able to mow 
more than, let us say, T^oifccwth part of an inch, evw 
at its very greatest cxcur^iun, before it would cORie 
into collision with anotbrr, and be sent into a new patli 
altogether. And the more you compress the gas^ the 
greater will of course be the number of such impacts fw 
every particle in a given time, and therefore tlie shorter 
will be it«i average path belwei^ one collision and 
the next. Now, the cflTccL of heiit aUo is to increaiietliit 
number of impacts, because it makes the average velo- 
city of the particles greater than before. The avcraffs 
square of the velocity of the particles corresponds in fact 
withwhat weealltheent^rgj'of heat in thegas; and there- 
fore corresponds nearly to what wc call the tcmpi^nlurc ; 
so that as you compress the gas, yau give its partic^^J 
less way to go before they impinge upon one anotlicfr 
and as you stiU heat it under compression, you matr 
thL'in go faster and faster through the little range which 



Ihcycan compass before coDbion, Therefore, by these 
processes you make the collisions more numerous and 
more violent, and you also make the length of time dur* 
ifig which a particle h m coUlsinn a larger percentage of 
the whole time of its ntotiou. I f it has only a colH^on 
now and then, it has a very small percentage of its 
time occupied by the collision, because the actual time 
of a collision is exceedingly shorty and during the rest 
of the lime it Is moving ftte ; but if collisions occur 
with very great frequency, then tlic time occupied in 
collisions becomes a serious fraction of the whole ; and 
when a gas can be so far condensed as to approach 
the liquid state» its particles are scarcely ever free 
from ciillisions. Finally, when you get a body in the 
solid state, its particles arc practically in a permanent 
state of collision with one anothcfj— or, at all events* 
the time occupied in coUisIons is by far the greater 
part of the whole time. Now, during a collision, a 
particle of gas is not free ; it Is jammed against an- 
other or others ; and thererorc wc may expect some 
modifcatioR to take place in the periods in which 
it is capable of vibrating. It is vibrating not by 
itself, but, as it were, only so far as the other or 
others will permit it, and thus the particles inter- 
fere with and modify one another's vibrations. Thus 
wc sec that if wc have a very rare gas, wc may ex- 
pect that the spectrum which it gives off when heated 
will be in the main the spectrum due to the vibrations 
of the indivldua! particles of the gas as they ar(r flying 
about free from the others; but as we gradually com- 
press it, the part of the whole time which is occupied 
ia colhdions increases, and then you do not get the pure 
spectrum of the gas, — what each particle would give 



WS SPECTRUM ANALYSIS, 

<m Its own Account, but in addition to that, you get the 
modification which i« introduced by the action of one 
partide upon the next ; and ai; you more and nxm 
cinnpn-XK it, ami alv) it> it is more: and miirr hrainl, 
you get more and more of thi^^ intcfCcicncc of particW 
with one another. From free particJcrs we get in general 
a few definite forms of vibration, corresponding each tt> 
a line line in the s^pcctrum, except in so far a« tbi& is 
modified by the icLtivc velocities of (he ^larticlct wHli 
rcgs^rd to one another. When there are cull ision^ but 
not very numerous, wc ^et slight modification^ ge3lc^ 
ally as much in the way of increase of refrai^ibiltty as 
the opposite, so these line? broaden out on both sldci 
But as thi^ amount of collision becomes more and more 
serious, and occupies more and mofc of the whole time, 
these elTccta spread themselves over target and laifcr 
spacer in the spectrum ; and so the effect of increased 
pressure and temperature is lo make all the baildft' 
broader and broader, and finally, when we comprcs 
aufiiciently* to reduce the gas to what is practkaUx * 
solid, or at all events aa incandescent liquid, the baods 
have so spread out that they have met one anoliKf,aiil 
you have in f^ct got a practically continuous spectrum. 
Thus the snurcL' of sunlight may not be a solid of even 
liquid globe — it may be merely a great thickness of 
vco' hot and highly compressed gas ; m fact it sccmi 
quite possible that no portion of the $un may be a:ft jti 
even liquid. 

Attending then to thU, in addition to t1>e other pofi- 
Bible causes of modification which I have just mcfl- 
tioncd, let us consider some of the data which 3re 
obtained by actual observation. I spoke to you In rnj 
last lecture about the spectrum of th^ incandeictPl 
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part of the sun iUdC and abo of the protuberances 
which arc seen during a total eclipse, But now let ua 
consider the spectrum of what is called the corona, — 
the peaHy white light which Is seen roi.mcl the bot^y of 
the moon during a solar eclipse. There are parts of it, 
ac<:ording to many drawiiigs by aceuiatc observers. 
which arc obviously due to moles and ice crystals and 
various other things floating in the earth's atmosphere, 
because, of coursej xvhen you consider the enormous 
dimensions of the sun itstlf, il is qviite certain ilial there 
can be no solar atmosphere (in the ordinary accepta- 
tion of the word), extending to a height of something 
like two or three diameters above his surface. Con- 
sider the enormous mass of the sun and its consequent 
attraction^ and you will see at once that ihe idea of a 
solaf atmosphere extending to anything like that dis- 
tancc is altogether preposterous, For in spite of the 
vcrj* high temperature at the sun's apparent surface, the 
density of the atmosphere there, due to the immense 
pressure, would in sucl] a case be so great iJiat ^ layer of 
moderate thickness from its lower part might easily have 
a density exceeding that of the sun as a whole ; so that the 
suriwouldthus be in unstable equilibrium in a fluid denser 
than itself- Hesfdes. there is a well-ascertained fact of 
quite il ditfcrcnt churRcler which goes against tlie notion 
altogether ; that is. that no two observers drawing such 
a corona, even at very short intervals of time from ore 
another, or at very short intervals of distance from one 
jtnother at the same time, ever draw at all nearly the 
same tiling. That is a. complete pioof th^t at Icait the 
Outer part of what has often been called the corona is 
a phenomenon due to the state of the terrestrial atmo- 
sphere in the observer's line of sight. But, even 
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whrn t^c atmoflplicrc is in its vcr/ clearest state; as 
it hftppil/ tru in the south of India during the great 
eclipse of iSjr, when moat pcrrcct obscrvationg were 
made, it \% still found that there is a silvery Uglit 
surrounding the sun, but extending to a height ot 
at the iilmosl^ only fifteen or twenty minutes of arc 
above the dark circumference of the moon. That light 
hart been analysed by the spectroscope, and it3 spcctntm 
has been found to consist of t^o thin^, — one of theoi 
light fmm a glowing gas, the other reflected sunli^L 
so that the true corona owes its light to two sources. 
One is sclMuniinous ga^, of whose compo^tiot) I shaB 
5pcak immediately ; the other, scattered particles which 
are capable of sending back sunlight. In fact, tbe 
spectrum as observed by Jansscr, with ar inatrument 
specially contrived for the purpo5e,^-a telescope willi 
very large aperture as compared with its length, coa* 
struetcd for the special purpose of enormously incrcaS' 
ing the brightness of the image of the phenomenon,— 
was simply 3 weak solar spectrum, not continuous* but 
having I lie dark Tine?, just like the spectrum of moon* 
light (which is merely reflected sunlight). But crossine 
it there were bright lines of hydrogen, — the C liDc flX 
i* line, and the O line, whicli I described to you formerljr 
[diagram, p, 190] ; and, in addition to these^ thcfc ivas 
:t green line, which cannot as yet be assigned to any 
known ^ubfitance. That line appeared, in a detailed cx- 
smtnation, to be given out even in the uppermost re^ns 
of the corona, regions farther from the sun than the 
highest in which hydrogen lines were seen. This would 
appeiir to Indicate a gaseouselenient, one not only giving 
a simpler spectrum than hydrog:cn, but also a li|:hTcr 
clement, capable of rising to hiiih<^r elevations Oj^ainst 
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the action of Ihc sun's atlractJon, There must, then, be 
in the corona a solar atmosplierc extending to a height 
of rather more than one-h.ilf the radius of the sun from 
his svirface. It is possible it may extend still farther; 
but in addition to that, there must be irtatlcr wluch is 
capable cf reflecting sunlight, and giving the continuoiis 
spectrum which Jansacn observed. 

Some very curious observations made in America 
upon the corona led to the detection of ihrte bright 
tines whidi were found to coincide with lines which 
occur in the spectrum of the aurora. Now, it is a 
very singular fact that the terrestrial substance which 
gives these lines has not yet been discovered ; and 
it IS a problem of the most curious interest to us at 
present what substance it can be which* — incandescent 
by electricity no doubt,-^uriiig a terrestrial aurora. 
gives us the peculiar homogeneous green light whicii 
every aurora shows^ and which is almost tlie only light 
given by the great majority of auroras. But the pre- 
cise similarity and coincidence between the three auro* 
ral lines observed by one American observer, and the 
three lines observed by another American in the corona 
of the sun, seem to promise us wonderful information 
as to the similarity of tlit: uppi^r rtiEvons of the eartli's 
atmosphere to thofie of the sun's atmosphere. 

I shall now add a word or two to what 1 said in my 
last lecture with reference to double stars, I spoke 
to yow about the spectra of fixed stars as indicating 
what may be called periods of life ; but there are, be- 
sides, some very curious observations made specially 
upon double stars- AM of you who have looked through 
O'cn a moderalelj' good telescope at double stars, must 
have noticed that many of such stars have extremely 
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fine coIduj^ very often directly complementary colourSi 
No\/, it was of course on interesting application of the 
^>Getro&cope to lind out to what these complement^ 
ccJours Hfc d«f. You can set- at !\ glance when the 
apcctm of tile compon^ts of a double star arc placed 
aide by sidc> in what they differ. Now one of the first 
piiins trxnmincd showed for the ftr^t comporcnt the 
spcctnjin of a white star nearly ; but the other com- 
jHjneut showed in it^ spectrum ;in ettcirmous group cf 
bauds, cutting out ulmost tlie wh«!c of the blue aitd 
green rGgion:». Hence the group consists of a white 
star, with a practically red star revoh"ing round it. Bui 
for an optical, or rather a physiolo^c^l reason^ of ^vfaicb 
it is not n\y business to inquire the nature, a white body 
tn tile rcigLbourhuud uf a red body has a tendencytlP 
appear green. It is merely the effect of contraat. tsJl 
were, that thfa double star appears in the telescope 
as an extremely line green star, associated witll ait t9(- 
tremely fine red oncL For when the speetroacope ■* 
appC4iled to, it tctls us that there is a direct reason— 
obviously due to absorption in its atmosphere — for the 
one star appearing red; but that there ia abdolutc^ 
no reason, except the pl^ysiologtc^i! rea£;on judtalludefi 
\o, for the prfncipal star's appc-iriug green, for we we 
tlic spectrum it gives is almost devoid of absorption 
bands. 

A few additional remarks remain to be made, chiefly 
with reference to comets. Unfortunately, the b^ very 
fmf^ comet that was observed came before any one u'i* 
prciiarcd tu apply the spcctioscojie to it ; and, wncc 
spectroscopes have been in every obscn'atory. no comcU 
have appeared, except small and usually mere tde* 
scopic ones. There is no doubt, however, that the next 
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fine comet' that appears will, especially by ihc help of 
spectroscopes, give us an amount of information as lo 
the nature of comets immensely exceeding all that we 
have already gathered during thousands of y^rars. 

But such sm.tll comets as have been observed have 
given spectra which arc extremely wcU worth noticinffi 
These observations seem to show, f fsl of all, lliat the tail 
cf a comet gives a spectrum like that of the moon or 
otlier body illuminaled by siin^ight ; in olher wonls, that 
the tdil of tile comet is not aclf-luminous, — that it shines 
by scattered sunlight. But the head of the comet shows 
in general a spectrum which indicates the presence of 
glowing gas ; that is to say, its specrnim ig not mn- 




iTnninis, tu>r h il v(^iMy intersected by dart Imes: it 
consists in general of a small number of bright lines 
standing markedly out in relief from a feeble continuous 
spectrum. There (in the upper figure) is one of these — 
the spectrum of what is caUtrd Winnecke's comet, from 
the discoverer. It consists of three bright bands of 
light, each sharply terminated towards tlie red end of 
the spectrum, and shading away upwards to the violet 
end. Now Mr Haggina, who first observed this, was 

* TbeE« l«liir« were given in The spring <)fi37fl, IWfn¥ the flpp&irflTiM 
vt Cvt^ii't comeC. Thit, vas a magnilici^t <il>ji-cl, but unfortiitiatety tl] 
litiitted ftjt spectroscopic obicrvfltlan, hiving ta bc citftmincJ cilhcr vaty 
lew la llji: li^riion ur in very strone iwilislil. 



atrtjcic by the rocmblancc of this ^pcctoim (as he saw 
it in the telescope) to a terrestrial spectrum which he 
had noted before; and gofng ov^ hif notc*boolc, he 
found tt doscly icscmblcd the dcllr:c4tiun of the spec* 
tnim of a hydrocarbon such as olcfijuit gas. rendered 
tncandcscent by passing an electric discharge through it. 
He then adopted the method to which I have already 
aeveni times referred, of sending light from the twi> 
itourceii itiRiult^itcously through the U|>pcT and lower 
parts of the ftamc slit, so that t]:c spectra of liglit Iioed 
the two aoarccA should be placed side by aide, and sub- 
jected to precisely the same serie* of refractions. When 
that was done the result was as shown in the diagram. 
The lower figure l» iht spt^ctrtini of some hydro-carbon, 
as given by ^n electric npark llirough the olefijuit gas; 
the upper is the spectrum of the comet. Now, just as 
we had concluded that there is hydrogen in the sud's 
spectrum from the coincidence of the bright lines cf 
terrestrial hydrogen with dark lines In the solar spec- 
trum, here is the ^Ame tcDin^' coincidence. Here Is the 
coincidence of the three band^ : a coincidence perfectly 
exact so far as the enlargement by the spectroscope 
enabled Kuggins to measure li, not only of the bright 
terminations of these band^, but xho in the gradual 
shading'^ulTof each of them. 

'Sow, this is a moat remarkable phenomenon. It at 
once suggests the question^How does tlie hydro-carbos 
get into thii^ incandescent state in the head of a comet? 
A word or two on that suhjt^ct may be of confiidenblt 
interest, but wc must lead up to it gradually. A great 
astronomical discovery of modem time* is, that mrtcof- 
ttes, the so-called falling Bt^trs, especially tho5e of 
August and November, as they are called, follow J 
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perfectly tlcitnitL; track in space, and Uiat this track is 
in e^h case the path of a known comet ; so that:— 
whether, a* Schiaparelli and others imagine, the meteor- 
ites are only a sort cf attcmiants on tlic comet ; or 
whether, a» there is, I think, more reason to believe, tlic 
mass of meleoritcs forms the comet itself :—^thcrc is no 
doubt whatever that there is at least an intltnate con- 
nection between the two. The path of the meteorites is 
the path of the comet, Well, let tis consider a swaim of 
such meteorites (regarded each as a fragment of stone), 
like a shower, in fact, of Macadamised stones, or 
bticks, or even boulders ; — what would be the appear- 
ances presented by such a cloud > It mu^t in all cases 
be of enormoTJs dimensJors, because the carlh takes 
two or three days and nights to paas through even the 
breadth of the stratum of the November meteors. 
ConEider the rale at which the earth moves In its orbit, 
and you can see through what an enormous extent of 
space the^e masses are scattered. Now, if you think 
for a moment what would be the aspect of such a 
shower of atones when Illuminated by sunlight, you 
will see at once that, seen from a distance, it would be 
[ike a cloud of ordinary dust i and an easy mathematical 
investigation shows that it should give when sufliciently 
thick, except in extreme cases, a brightness equal to 
%bout half that of a solid slab of the same material 
similarly illuminated. The spectrum of its reflected or 
ficattrred light should be the spectrum of sunlight, only 
4 g^reat dedl weaker It is easy witho jt calculatjun, but 
by simply looking at a cloud of dust on a chalky road 
in sunshine, to assure one's-self of the property just 
mentioned of ^uch a cloud of dust or £mall particles. 
Remember that in cosmical questions we can speak 
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of niju«u like bridu, or cvea pAving^ones, as being 
mere duti of the ftolar syitein, and we may suppose 
tli<?m »?i f;ir wrpnr^leil frain one ^uiolbcr, in ]>Tr>|XK- 
tion to their »bc, a^ tikc particles of ordinary' dust are. 
Whether, then, it be common terrestrial dust, or 
€o«mica1 du»t, t^ith particles of the size of brickbats 
or boutdcT*. docs not maiicr to the re»u}c of this 
calcuUlion. Sjiread thc^m ^Ixml In a mvanti or cloud, 
A3 aparscly as you please, and only make that cloud deep 
enouifh, and iUuminatc it by the sun. tlien tt can settd 
back one-half is much light as if it had been one con- 
tinuous slab of the material Now, look a: the moon. 
You see tltete a continuous slab of material, and you 
Icaowwftatat:rcatamount of brightness thalgivca*. And 
ashowerofsiuncstrspnceat the same distance fmmtlw 
tun as the moon, and of tlie same matenal as the mooii, 
could, if it were only deep enough, however »caiieml 
Its matcnalfi, sbinc nitli half the muou*% bTi|;lit(ic$s. 
Kow, no comet's tall has crer been seen with brightness 
at all comparable to that of the moon ; and therefore it 
id perfectly possible, and, so far as our preseijt meam 
enable us to judge, it is extremely probable, that the 
tail of the comet is merely a shcwer of such stoiie*. 

But now Wfccomc to the question — How docs the light 
from the head of the comet happen to contain portions 
obviously due to glowing gas. in addition to other por- 
tiona giving apparently a faint continuous spectrum cf 
sunlight, and perliaps also light from aji Wandesccnl 
solid ? The answer is lo be found — at least so it 
appears to me — in the impacts of those various ma^set 
upon one another. Consider what would be the effeci 
if a couple of masses of stone, or of lumps of native 
iron siicli as occasionally fall on the earth's surface 
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fram cosmical space, impinged upon each other even 
with orJrMary terrestrial, not with planetary, velocities. 

In comparison witli these latter, of course, the vclndly 
of the shot of any of the h'ig guns at Shocbaryncss 
would bt n mere triRe; yet we know thtit when a 
shot from one of them impinges upon a.n iron plate 
there is an (.■normous flayh of light and heat, and 
splinters fly off in all directions. Now, inere //i/* 
fircncis among the cosmical velocities of the particles 
of a comet, due to different paths round the sun, or to 
mutuat gravitation among the consttUients of a cloud, 
msiy easily amount to 1400 fee: per second, which 
13 about the rate of a canuon-biilL Masses sn imping«- 
iDg Upon one another will pioduce several effects,—* 
incandescence, melting, the development of glowing ga% 
the crushing ol both Ixidtes, and smashing them up into 
fragments ordustwilhagreat variety of velocities of the 
sevenil prirts. Some parts of tlieni may be set on mov- 
ing very mutli faster than btforc ; others ntay be thrown 
out of the race altogclhcr by having their motions sud- 
denly checked, or may €ven be driven backwards ; 30 
that this mode of looking at the subject will enable us 
to account for the jets of light which suddenly rush out 
from the head of a comet (on the whole, forwards), and 
appear gradually to be blown backwards, whereas in 
fact they are cJiecked partly by impacts upon other 
particles, partly by the comet's attraction. Therefore, 
so far as can bt s^id until we gtt a good comet to which 
to apply the spectroscope, this excessively simple hypo- 
thesis appcan^ easily able to account for many even of 
the most perplcxinfT of the observed phenomena. I 
must warn you, however, that this is not the hypothesis 
geoerally received by astronomers. 
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There are various other pbenotnenA in the solaf 
lyvtemtoivhich I might caJ] your 3<t^ntion ni capable of 
Kiinil;jrsnuj>1e«rx]>Uri4Liui]>1)ut I ^I]a!l mention cm?)' two 
ofthcm^ The tint U the vrondcrful iippcTidA£C of Saturn, 
— what b known as Saturn's rings. There can be no 
doubt now that these rings are clouds of separate 
masses. This follows Arst from telescopic ob«<;rvaliori, 
which has ,<iho\vn us stars through one of thi? ring^of 
Saturn, proving that there are rtuiuhcflcss gap5 in rt> jmt 
as there are such gapfs not only in the tail but in the head 
of a comet, llirough which we can see a star^ even a small 
star, with almost absolutely undhniciished brightncfiA, and 
without refraction -change of apparent |jo*;ttfon. Agai*. 
mathematical calculation, founded on the Uws of mo 
tion, has proved tliat rings like those of Saturn, if solii 
or liquidf would be broken up in avcry short time bytbe 
enormous forces which are exerted upon them. Tfte 
solid would eithfetr be broTien up irtto pieces, orcUr il 
would as a whole go agaluat Saturn oa one side or 
another. The liquid would be broken Lip by enormous 
forced waves travelling round it, like the wa.v<s pro- 
duced by a canal boat which would go on tncreanDE 
and increasing untif they in ptu red It. Clerk-Mascwcfl 
h^s shown. Jn Iiis AJami^ Prist Essay, that no hypo- 
thesLs whatever will account for the form and pcnnv 
nence of these rings, except the supposition thnt they 
consist of clouds of stones, or fragments of mattr 
of some kind or another, flying round, each almost 
like an independent member of a family of Mtcl- 
litcs, but still, of course, acting upon one another by 
their mutual [gravitation. That mutual gravitation i*, 
no doubt, sufficient to produce among them impact* 
With considerablt relative velocity; so that it is po*^ibIc 
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tiiat we may some day find bright ltnc3 in the spL-ctrwm 
of the light Trom the rings. Thus these rings of Saturn, 
liWe everything cnsmical^ irnist be gradually decaying, 
btrcatise in Ihc course of their motion round the planet 
tiicrc must be continual impacts amongst the separate 
portions of the mass ; nnd of two which impinge, one 
may be accelerated, but it will be accelerated at the 
^fpcniir of the other Thp other falls ont of the race 
as it were, and Jsgrailiiall/ ilrawn in tavvarJs the planet 
The consequence is that possibly not so much on 
account of the improvement of telescopes of late years, 
but perhaps simply in consequence of this gradual clos- 
ing in of the whnle system, new ring of Saturn has 
been observed insltle the two old ones, — wbal is called 
from its appearance the crape ring:, which was narrovr 
when first observed, but Is gradually becoming broader. 
That is formed of the laggards, as it were, which have 
bcc*ri thrown out of the race, and which are gradually 
falling in towards the planet's surface. 

The second instance I refer to Is the zodiacal light. 
which obviously connot possibly be part of the gaseous 
atmosphere of the snn, nor can it be any solid or liquid 
body. It must be of the nature of detached portions of 
solid or licjuld, floating as sejiiiratc satellites, revolving 
about the sun, though by no means necessarily in orbits 
nearly circular. The spectrum of the zodiacal light has 
be«n examined. It is an extremely difficult thing to ex- 
amine it; howe\^r, the last: has been at lea^t partially 
accomplished- The light is f^r too faint to enable even 
the most skilled observer, with the most perfect of our 
^Tcscni instruments, to say whether there are daHc lines 
sicro«9 its spectrum or not. The spectrum has been 
found to be at least practically continuous ; that is to 
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«jiy. It liaa bc<a fourtd to be probably th^t of reflected 
sunlight simply, Thu5 the zcdiacal lisUt rcvcali to us 
the existence of enonnous amounts of smaJl cc&mic^ 
muses wW<A have been somehow or other detached from 
comets or «tvamis of meteorites, aitfl forced, whether 1^ 
pUrtctary attraction or by resistance, to revolve m oibits 
of moderate si^c abcut ihc sun- As they have been 
MSicd at diffcfcnt times and from different sources of 
supply, they probably move in all finrct of orbits — with 
all sorts of eccentricities and inclin^tTons — somewhere 
about hair of them probably going round in the oppo- 
site direction to that in which the planets move. Mete- 
orites or aerolites which every row and then reach 
the earth, m^y often be portions of thi» source of the 
zodiacal light, Tlic^se scattcrctl fr.igmtrnts, gradually 
resisted, or impiiigmg upon one another fall in age after 
age towards the sun's Hi;rf;ice. They must thus form a 
supply, Although an extremely £m^L and inadc^juite 
supply, of potential energy, which has the effect of, to a 
certain extent, maintaining the sun's heat. 

I must now take leave of this pait of the subject, and 
1 do so by recurring to wha.t 1 said at the commence- 
ment of It. I t>egan by saying that, after studying the 
law** of heat and thermo-dynamics, we should consider 
sonic very important cases of llic liansrcrcnce of heat 
or energy from one bcxiy to another. Wc have alreaJ/ 
treated of the radiation of heat and the absorption of 
heat- Now we come to another case of the irantfereno? 
of energy: — the case in \^'hich energy is tranKfirrrcd 
continuojsly from one part of a body to anothui imrtcf 
the same body ; and here we mast deal, first of all. with 
what is called conduction of heat. This subject was 
very fully worked out as a matliematical problem long 
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before the period to which these lectures are professedly 
confined, but great additional information has been 
obtained about it within that period^ and therefore I 
propose in my next lecture to give a brief sketch of 
the early development of it ; and then to go more fully 
into the recent extensions and additions which it has 
obtained. Along with the conduction of heat I shall, 
virtually at least, treat of other things which, although 
having apparently no connection whatever with conduc- 
tion of heatj really have precisely the same laws. These 
are the conduction of electricity, as^ for instance, in a 
submarine cable, and the diffusion of a salt or an acid 
in a solution in water. Perfectly different as these 
phenomena appear to be, they are aSl, when treated 
mathematically, dependent upon the same differential 
equation (merely, of course, because their elementary 
laws, which are summed up with all their possible con- 
sequences in that equation, are of precisely similar form); 
and therefore by the change of a word or two, any 
statement made with regard to the one can be trans- 
formed into an equally true statement with regard to 
cither of the others. 



LECTURE XI. 



CONDUCTION or HF-AT. 



'■ MiilicmMkMJ Thpwy. HJsDdlriliioaofCoDCucUiig ^9*o- Am- 
loCT bMwccQ Th«niuiJ (mil ICleou-ic Ojfli1imi«IiiH> Ftntici'* me<to4 mi 
muUh AnaspUOoi'K nfihod. Pcseuaiion of Surface usmpcrtiu* i^ 
du etflh'» cniL AnEilorr teiwetc condnaJoii cpT hmi anil coailEoiai 

klnmjo mCTg7< and or mamf ntum^ 




As J promiBcd in iny Inst lecture, 1 now proci 
consideration of the subject of the conduction 

A great deal was known abmit the conduction of haX 
bcfoTL' the [K-riod to which my lectures specially tcfa". 
but during that period a very great deal of quite unex- 
pected inrormation has been obtained on the &ub]«ct 
Perhaps iC will conduce to the intelUgibiltty cf u-hit ' 
have to say about the new tiialter, if 1 briefly nut over 
wliat vfAs knuwii about the time when Principal Forbes 
commenced his experimental inquiries into the ijucation 
before us. 

It was Fourier who first put the laws of conduction of 
heat into a perfectly definite n^athcmatical form, and 
who invented, for tlic purpose of investigating detailed 
problems on the subject, a mathematical method ofcx- 
quijiite powcn Fourier defined conductivity — the con- 
ducting power of a substance — in a manner which I^a» 
not been improi^ed since. He defines it, ia fact, in ihi* 
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way. Suppose that you have a slab of unit thickness^ 
but in surface practically infinite, composed of some 
matcrul whose conductivity you wish to measure. Sup- 
[josc nnr of its sides to be kept permanently at J. tem- 
perature one degree hotter than the other side- Theo, 
a3 we know that there h a constant flow of heat from a 
hot body to a colder one.lhcrcwill be in this case (after 
things have settled down to a permanent condition) a 
definite rate of flow of heat through every imit of sur- 
face of tlie slab in a directJon pi^rpcndicular to \h& slab- 
In fact, because wc have supposed that the slab is of 
practically infinite extent, and that its surfaces an: kept 
each throughout at a perfectly delimtc tempera I ure» 
the flow fjf heat will necessarily be in the common perpen- 
dicular to the surfaces of the slabi and the measure of 
conductivity then, according to Fourier, 15 the number of 
units of heat which pass per square unit of surface of the 
Blab from ore side to the other in unit of time. Vod see, 
then, how all the different units come in. lYou have 
unit of length for the thickness of the slab: ynu consider 
ttic square of this unit — that is, unit of surface — as the 
portion of the slab through which the heat \s passing, 
^ou have the unit of heal defined as the quantity of heat 
"which can raise the temperature of apouncl of wat<^f one 
degree. You have unit, that is one degree, diffeienceof 
temperatures on the two sides of the slab, and you have 
unit of lime duriag which the process of conduction is 
supposed to po on. Now, in an arrangement of the kind 
described, after a time, practically very short though 
theoretically [nrmiCe, thelemjjeralure will distribute itstlf 
|>ernianently in this way : — The temperature will fall ufT 
ilyby a uniform gradient from the value on tlic one 
to that on the other of the slab, It follows from thi^ 
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thdt the rntc at winch hcAt passes Lhrciugh the sUbdc- 
pcncf:! only upon two things. — the gradknt or rate at 
which tlic temperature falls off per unit of len^h m the 
direction of itii Chiclcne^s, and the specific conductifiQ^ 
or con Jiicting power of the materbtL Now, takiQg dui 
datum, FdurlL-r guvc completely tltc iii^Uicmatkal 
formulae whicti arc ncccv'^aty for applymg it to aiaf 
case — however complex — of the condtictton of hcat,ii 
a solid of whidi tlie conducth-ity is not altered b^ 
temperature. 

But thb ([uention very nfitur^lly arosc<»Is the OOD- 
ducting power of a substance the lame at ^11 tempera- 
tures? It had been asstimed in Founer's calcuEatioDS 
that it wa« so ; but Forbes seriously shook this a^unp- 
lion by pointing out a curiously complete analojy 
between the conducting powers nf met^ils f«r elcrtridty 
and thctr conducting powers for heat, ft was found ^ 
experiment that those metals urliich conduct clcctncicf 
well, alao conduct beat well, and not only so i^Kcwbei 
point«rd out lliat the- order of conducting power f(>r eke 
Iricily i^ aUo, In Uic uiain< tlie order of conducting iMnwr 
for hcEL Now, a point which has become ofvciy scrioo* 
Importance of late years, especially in consequence of 
llic development of flgbmarine cables, is the VP7 
great change of electric conducting power of sub* 
stances by change of temperature. Metals, in gcncralf 
conduct electricity very much worse when hot thflJi 
when cold ; so that it occurred to Forbes that astbfff 
was an analogy — a primd fncie analogy, at all event* 
— betwcL-n the conducting powcis of different mcrlfll* 
for heal and electridty, and as the ci>nducltng powcC 
for clcctncity is rendered very much worse bj' incrca** 
of temperature, ao tberc might be on ctTcct of thia kin<J 
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conducting power of metals for heat lie 
therefore established a scries of cxpcrimentB, wlucli. 
unfortunately, he lived to develop only as regarded the 
one metal, iron ; but the results of these experiments 
were perfectly decisive In proving that the conducting 
power of iron for heat becomes ivotsc and worse as it 
is hotter, and almost in the same proportion as it 
becomes by heat a worse conductor of electricity, 

I may say a word or two as to the process by which 
wc investigate the conducting power, before I describe 
Forbes's experimental apparatus. Take an analogy 
first : suppose vc consider tlic stock-in-trade of a ccr- 
tain business. There are two ways *>{ investigating 
how that stock-in-trade may alten One way consists 
simply in perJoilicaliy taking stock, or going through 
the whole collection and seeing what it consists of. 
But there is another and equally ^ood way, provided 
it could be carried out as well, and that is to keep 
an account of purchases and sales ; so much has come 
in on the wbole during tlie period ; so mncli has gone 
out during the period ; and the dLffbi-encc between the 
quantity which has come in. and the quantity which 
has gone out is the quantity by which the whole stock 
has changed during the period ; so that there are these 
two ways of getting at it Now, precisely the same 
idea i^ applied in ascertaining the conditions of the 
conduction of heat in a sohd. We picture to our- 
selves a small portion in the interior of the solid, 
and for reasons of sinipliciiy in calculation, we con- 
sider thai small portion brick-shaped, Wc consider 
how much heat comes in through any one side, 
then how much during tlie same period of time goes 
Out by the oppo^le side \ and extend the process to 
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tlic otJicr two pjiirs of parallel si<ks> A mathemati- 
cal expression can easily l>c fonnod for these variovs 
quaniitiesr 3fl I liavc already explained. Thoy will be 
expressed in terms of tbc gradients of lefuperantri:; 
and tlic conducting powers (which m^y ft&t be tiK 
5Jin3C in fill directions), parallel to the three sets of 
edges of the brick- But then tlicrc is the other way 
of looking at it. Instead of thinV:ing what eomee in 
and what goes out, ihlnlc of how the tcmpefaturt of 
the wholes Is altered during the jieriod. You will see 
that in terms of the rise of temperature, the apcciSc 
heat of the body, and the mass of the bnck-slupc<j 
portion, we can make an independent ealeutation of 
how much heat has come in (of course on Uic aiiump- 
tion ihat mi heat has ttecn generated or destroyed 
wjthin the brick). The !att« of these exprc%:Mont de 
pcnds upon the rntc of nsc of temperature with time 
at any one point ; the former depends upon the rjd<s 
of increase of temperature per unit of length (or whit 
may be cillc^d tlierniometfic gradients) in three selected 
dirccrions ^t rjght angles to one anuthcr. The t^radkiltl 
and the conductivity tell us how much comes in: 
the rate of eharj^c of gradient and the conductivi^, 
therefore, tell us how much more comes in than goo 
out; while the rate of rise of temperature ifivcs us 
aiiotlicr expression for the same quantity. It ts the 
determination of relations between thcdc two wbidi 
is the object of ^>jvry experimental inquiry on the 
subject, 

Forbc?i's apparatus may be briefly described as 
follows : — Thc5c bars [showing], which were made U/t 
my own cxpcrinncnts^ arc made exactly of the dimen- 
sions of Forbes'^ original bar, Vou will aotlcc they 
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arc bars of i\ inch square section, and somewhere 
about S feet long, but that is not usually a matter of 
any great consequence. Along the length of eacli bar 
there arc at mtervafs, fir^it of three inches, and thc^n of 
six inches, and finally of a fool, litllc holes cut verti- 
cally into the bar. In Forbcs's iron bar these holes 
were simply filled with mercury, and the bulbs of 
therm c»meters ^vere placed in them. In copper bars, 
and in German silver bars, such as those before you, it 
■was necc&.siiry th;it these little holes sliculd be lined 
with iron cups tike arrow-heads, in order to prevent the 
mercury from att^ieking the substance of the bar. Now, 
matters being arranged in this way, a crucible was slid 
on, SIS you see, tipon one end of the bar, and filled with 
mclttd iiieta!, and a powerful lamp being ap})lied to It, 
the temperature of the molten metal was kept ^3 nearly 
« possible uniform for eij^ht, or nine, or sometimes even 
ten hours. There was, therefore, a constant source of 
heat applied at one end of the bar^ and all the rest of 
the b^r W35 exposed simply to the air uf iJie room. In 
Ihc case of iron bars, Forbes found that even with the 
liighe^ temperature to which he raised the crucible of 
molten metalr there was ^arcely any perceptible ris« 
of tempt-rature in eight honr_s at ihe far end of the 
bar; but In my own expeiiments, I have fouuJ that 
bccAuac copper ia so very much better a conductor 
than iron, it is absolutely necessary, if we keep the 

Kt of metal at any moderately high temperature, 10 
ve a constant stream of cold wiiler flowing over 
he farther end of the bar, in order to keep it fiom 
radvatly increasing in tcmpcratuie, even after ci^t 
lOurs' experimenting. However, the action of Uie 
rold water at the fanher end Introduces only a slight 
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and simple modiltcatioD of the formula, but doca Dct 
iBterf«re with tlic modti of reasoning from the €Xptn- 
ment. 

The firKt (r/Ttrd ot ^i't'Vi'^E htaX is to produce a 
gHLdual ridc of temperature, which in of course observed 
first in the holes ne^re^t the crucible. The thermo- 
meters fcuthcst off are the lo^t to g\vc any indication 
of incTCAfic of tempcraitire. And (after x steady state 
lias been arrived At) are found to have risen the leatst 

Wliat wc wish to study now is the rate at which 
hcAt 15 being conve>'cd nlnn|: ; wh4it our tbcrmomctcrs 
tell ii,n IS the temperature at difTcTcnt points of the 
bar We txxwtx lake care in making the cieduction-f W 
remember that while our information H about tempcra- 
tuien, our conclusions ic^iaire to be about heat 

Heat, then, gradually flows from the hot end of the 
bar to the eold one ; and as the bar rises in tcmpcm- 
turc above ttie surrounding air, there is :t loss of heat 
hy radiation from its ^urface^ and also by conveetioOr 
by currents of heated air rising from the bar Tltn 
state of matters, stiictly speaking, wr^uld go oa inde- 
finitely, approximating lo a steady state. The stcaily 
state of temperature should ^ theoretically) never ht 
aetu ally arrived at; btTt practically in all our experi* 
rncntaL 'vvork, a sutlTicicnt approximation to the steady 
state is arrived at in bars like these in at most ci^t 
or nine hours. After that time, provided wc keep 
the temperature of the molten metal as neaHy t^ 
possible 5teadj", and provided the temperature of t!jc 
Air in the room remain unchanged, it is found tliat 
the thermometers have assumed definite reading* 
from which they do not practically alter more Ehas 
by very small fractions of a degree. There is thcfl 
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a steady state of temperature at every point of the 
bar, and that b the essence of the metliod. In such a, 
steady state of temperature, of course, there is a steady 
thermomelricgtadiennTiainlaineclaleach pninlakdiglhe 
length Dftlic bar ; ^iid rt Is foLind that practically we mB.y 
assume, without risk of sensible citoi", the temperature 
to have the same value at all p[)int5 of the same trana- 
verse section. The process I have just described to 
you may be iipjjlied to any thiii Iriiiisversc slice of the 
bar, so far zis its supply, etc., of heat is concerned- First, 
in consequence of the greater steepness of the gradient 
of temperature at tlie ^varmer side of it there is a greater 
^u^ntity of heat passing into the slice by conduction 
than passes out of it by the same process. But be- 
cause the temperature remains undian^'cd, that excels 
of heat must be lost by radiation and convection into 
the air. If, tlicn^ we could only measure how much 
heat is given off by radiation and convection from any 
given part of the bar, we shonld be able to measure 
how much more heat conies in than goes out In conse- 
quet^cc of the difference of gradient at its ends. The 
temperatures are observed ; from these the gradients 
and the difference of gradients can be calculated; 
multiply the dJlTerente of griidients by the coiiduct- 
ing powcf» and you get the c?ccess of the quantity 
of heat which goes in over the quantity which goes 
out Now, that excess is precisely the loss from the 
extcrnaJ surface, Forbes therefore made an addition 
to the usual experimtnl. He took a separate bar 
of the 6amc material, of the same section, and in every 
respect similar to the first, only vciy much shorter, 
and having heated this up to a high temperature, he 
allowed it to cool, simply noting its temperature after the 
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Up3eof9ucccs«ivGC£ituUintcT\-alsortimG. Tbenoebecal- 
culdtecL the rate at which it lost heat per unit of suffnue 
byradiatfon and cnrtvirttontnguthrratr^ch tcmpenmire 
We h;ivc now by Ihcic two cxpcriiricnU ^n equation W 
twcen two exprcssiofl*.— one ittvolvine the conductivity, 
which b unknown, the other coniistjng entirely o( 
known quantities — and from it the conductivity b found. 
By that vcr>' Ingenious mctboiJ, then, earned out byeat- 
trciiitly i:arcfiLl expcf imenCs, the diHicutty of u-Iud) you 
m-ty very welt jud|;c when I tell you that thb pot of 
metal was usually heated to a temperature of Mtnc- 
where about 3C0'* or 350"^ C and had to be kept soow- 
timet for more than eight houra together without vaiy- 
ing more than a single degree from that tempera- 
ture, Forbes arrived at the conclusion which 1 hive 
already »tatc<l, that the conducting power of iron fall] 
off very mpidl/ with increase of (emperatijre. Hcfouod 
that the conducting power at various temperAturet b 
exprcssc^d by the following numbers, the units beiag 
the foot, minute, and dcgmc Cecligrado— 

O^C^ 0-0133 

100* C 0^107 

200° C 0<00S2 

showing a remarkably steady dlmtmition with tncr^iw 
of Umpcratuic. On looking 4t tlicsc numbers, «c &rd 
that thiry almost exactly agree with the empirical U« 
that the conduGtinj^' power of >ron for heat l« invendf 
as the absolute temperature ; that is to say, if you add 
274' to each of these temperalurcs, you will find that tk 
prod jct of tc^mperature so altered Into the cnrres^iodli)* 
ing conductivity of iron is very nearly the :Mmc forcadt 
Thus the conducting power is, as far aa tiiLt determina- 
tion allows us to judge, nearly inversely as the absolute 
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temperature. This, if a general law, would appear to 
show that could we get an iron bar cooled down to a 
temperature of 274° under 7cio, its conducting power 
would become practically infinite j at least that wheii 
the bar is almost deprived of heat, it has the power of 
conducting heat al an enonnously j;re,it rate. That, of 
course, is argutng from results at a certain limited range 
of easily obtained temperatures to a range of tempera- 
tures on which wc have not the least prospect of ever 
being able to make experiments at all 

1 may mention, in passing, a curious form in which 
this semi -empirical statement as to thermal conductivity 
may be put. If we assume the principle of dissipation 
of energy to hold not mcrc:ly for cases in which beat is 
altogether left to itself in a conducting body, but also 
ia cases of artificially- sustained distribution of tempera- 
ture, such as in this long bar of Forbes's, we have no 
difficulty in accounting for the fact that the conductivity 
is inversely as the absolute temperature. 

For (to take our earliest illustration of conduction) 
wc conclude that any three consecutive slices of the 
slab, of equal thickness, will have the least available 
energy when the absolute temperature of tlie middle 
one ts the geometric mean of the tempera lures of the 
others. Then the gradient will be as the absolute 
temperature, and (to mahe the flow of heat uniform) 
the conductivity' must be inversely as the absolute tem- 
perature. This is or the assumption that the specific 
heat is unalLered by change of temperature, and must 
be modified accordingly, 

I shall now say a word or two about a repetition of 
Forbes's experiments, and an extension of them to other 
bodies than Iron, which has been carried on for some 
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tlm« in t^y own laboratory. You «cc there two copper 
bars, between which it would be exceedingly clifliCult for 
any of yoa, even with the aid of careful chcnuoil jiiuT^ 
sis, to find much difference. The two bars arc as alilEC 
OS posfiblc in their ordinary properties — in cclour, 
specllic gravity, strength, hardrc««, etc., and yet i^\& 
myjiterida-t energy^ which vre c^itl beat, has far greaicr 
racility in p.i«ing along one of these bars llian Uie 
other. One of tiiem has somewhere about 65 pcrecflt. 
greater conductivity than the other. Now, the euly 
dlflererce which wi? can detect between them is thlSj^ 
that in the maimfaclurc of one thrrc seems to have 
been a very small <iuantity of oxide of copper nuxd 
up with the motten mass, and this small trace (whidi it 
b diifcuU to measure by chemical processes) m^ket 
the metal a v^ry much worse conductor of heat. Well, 
it was nitund In try whether Forbcs's analogy bcHveen 
different mctaU in their conductiiig po;vei5 fut heat ind 
electricity would extend to different specimens of the 
same metal. Wefind that the bar which conducts heat 
better than the other conducts electricity juat as mucli 
bctli^r thill the other ; in fact, the ratio of their ihermjl 
conduct! VLttc3 b within five per cent, of the ratio <i 
their elcclric conductivities :— that is to say. the i^ 
fercncc is quite within the experimental error* of the 
deterTnination. 

But tlicn there comes iii another and a very cuiiou* 
thing. You have seen that in all pure metab^ a* iroflt 
copper, and so on, the ckctric conductivity taXU off ** 
the temperature rises. This ia not the cjise witli suci 
an alloy as German silver. Here is a German whti 
bar of the same dimcnsious as tlie iron and topptf 
bars. We tind, on making the same e:<pcrimcnts vitb 
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it, that its conductivity for heat ia much leas affected 
)>y temperature than that of iron- 

I have describpd one morforn method by which con- 
iucting powers have been fuuod I have discnursed 
upon it so long that 1 must dismiss more briefly ihc 
dUict also mcdcrn method which Ims been applied to 
tJie purpose of experiment by Angstrom, but which had 
been virtually employed (n observations on a gigantic 
scale long previously to his lime. 

He, like Forbes- employs a bar, only instead of hcatmg 

it steadily at oni: end, and waiting till a steady state of* 

temperature lus been set up in it, he produces a peri- 

Ddfca] change of temperature at one end He heats it 

for a certam time, ihen cools it for an equal perioi], and 

repeats thb operation until a steady atatc of osclHathn of 

cmperaturc has been practically attained at all points 

of the bar where observations are to be made. He 

bserves at selected stations the range and the epocJi 

each wave of heat which thus travels along the bar, 

ccoming less ard less marked as it proceeds. This is 

a fact quite analogous to the process of telegraphing 

hrou^jh a aubmarine cable. You apply ore pole of a 

attery to the end of the submarine cable for a certain 

fnie : — then remove it — and so on ; — and certain wave^ 

electric potential run along the wire, by which inlclli- 

iblc signals are transmitted to the other end Prc- 

Isely the same thing, then, has Angstrom done with 

fercncc to the conduction of heat by bars; and his 

ethod has given nearly the same conductivity as 

orbes's for iron, which was the only metal cxpcrt- 

cncntcd on by both. Yon will get some idea of Ang- 

ttrdm*s method and of the results deduced from it, if, 

nstcad of speaking of the more complex circumstances 
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of the wave niaaing along a bar, I s^dk of the Kimpta 
€&« in which wc have a la^fc slab of metal, haxs^ 
periodically at one side, and kept cold at the otha. 
Further, ift^ead of mctat, tct U9 taVe Ihe eruKt of Ok 
earth. KereisadiagVdin'prcparcdbyPrincipal Forba 
from hi« thcmwrnclcra. whose bwlb« were sunk, some 
in the porph)^!!^ rock of the Calton HilL within tbc 
Observatory grounds, sMjrac in the &anddtOfic af Cr^ 
Icith quaxr>', anJ some in tlwr sandy soil of the Ex- 
pcriaicntal Gaidcna. The cuivt:^ on llic diagram ifac^n 
the temperatures as indicated by these ihermonxtco 
throughout the course cf a whoic year. The fint 
thermometer at eadi ]ocLilit>- has its bulb three ittX 
below the vurr;tce of the ground ; the second six fKE 
bcltjw, the third twelve, 2nd tJic fourtli twrcnty-four fat 
under the surface. The obscnationi arc here Jigvml 
tn four groups, aacli containing three cuivcs corrcs^oD^ 
tfkg to the simultanifous indications at the ditfercnt 
lociiities given by tlicnnt>meter« buried to equal dop^ 
under the surface. 

You wilt notice here that for the upper thennomcicf 
in the trap rocic of ttie Calton Hil], you have the pcrio(l>c 
wave of temperature lowest, not about the middk d 
winter, but about the middle of February. Thai ii at 
a depth of about three feet below the surface. Wt 
get Ihe highest temperature at that dqith alinut die 
middle of Au^st ; and so on down again to the lo^vct 
temperature in the middle of February next ywf- 
Now, another great point to bi^ observed ia that tJifft 
is a considerable range of temperature at this depth j 

1 It hoB nut \kz\\ jufleed iirce^u^iy (i> rciirvdutJc thit my dRb^nV 
rttngriim ffom Tpvh?. J^.S.K, i80, to which rhe r^*r li rtfctrtd fa 
fuller mfoimatiDu ou Lh^ question of lerxviiriaJ ^orfir^-itnipcfaum- 
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— for tlw !<>wcst ia somewhere about y^ F., and the 
high<;st somewhere about 54* F. ; 30 thai there you 
have a »an^c of somewhere about 15° F. And remem- 
bering that tlie three linc-g which you see running along- 
side one another are fof three such excessively different 
s as porphyry, sandstoiiL% and conimon light 
soil, yfJU see their gtncial a^incirlLiite i^ very 
They of course agree with one another in 
h'g slight tm^larities of temperature, due to 
peri^d^of what we call "change of weather' at the sur- 
i&ce; but the ranges and epochs are not very widely 
dilTereni in spite of the variety wf materials. 

But ace what a different state of things has been arri/cd 
at when you £0 only three feet farther down under the 
«Lirfae& Tht^re you find a far less rangeof temperature, 
tliough the mean temperature is nearly llie s^mc, the 
1awc--Kt tcmperattrre is now someubcre about 41^^, and 
the highest somewhere about 51", so thiit yon have a 
ntn^e of only 10*' altojjcthcn When you go atili faithcr 
to a depth of twelve feet, you find a similar 
ificatlon, [The IrrogLdarities here and there in some 
nmff of the three eurvc-'s of each group, but not in the 
otiicrs, aic evidently due to the percolation of water 
from the upper surface or some othiir purely local 
dlstud>^cc.] On the average, the twelve-foot observa- 
tions ghow a range of from ^"^ to j^nf^ being an average 
S of only 5'- And when you conic down to the 24 feci 
I Ihcimonnctcrs you find barely a range of I^'S through- 
I out the whole yean 

I Then remark besides that the minimum temperature 
, arrives at the 6 feet thermometer somewhere about 
tlic bcgrnning of March instead of the ntiddle of Ftb- 
; it arrives at the 12 feet about the 2oLh uf April , 
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tiid JLt llie towYst or 24 Tcct therniomcter jiurt alioiil 
the mi<ldtc of July. — that is to say. Ilic wmtrr^K coU 
takes somewhere about \\^\i 3 year to penetrate twenty* 
ftMir fe«t <k)wtiw3T<J5 into thii* kind of surf^e materioL 

Novr this is sImosT pT<>ci9Gly the same thlo^ a« — oflly 
on a miKh larger scale than — Angslronrs exp<Triinfnt. 
The only dilTcrencc is tHat Angstrom hud to illuv 
for the lofls oF heat by mdifttioit from the sitHace oJh« 
bar, while in the ea«e I have been ^ peaking of. them is 
no cor>dtiction except in a vertically dowm/vanl cr 
upward dirrctioR. Still you notice that the chamcrff-' 
istiCA of the results arc, on (he whole, the Mme si 
those for the earth temperatures, that the ranges of 
the various thermometers bceomc less ard Ic^i a^ >'0U 
go ferthcr and farther frx»m the source of heat, as*! 
the prrind^ ;it whicli the maximum and miftfmum 
arrive at any point are later aid later as it U fjwdicr 
from the source. 

Supposing the earth'£ cr\ist to be of unirorni matcn^lp 
and to h:ive crtnductiug power tht- *;ame at fill tempcni' 
1ure%, tlic law niaile out by Fotirfcr Inng ;ig'o ira? rtil 
as you go down successive depths in aritlinicljcal pni- 
grcMJon, the range of the thermometers should fdlcIT 
in f,^omclncal progression. If fortnstancc, al three feci 
down yoii had a range of 30°, and if at six feet down 
you had a range of only 10". th<rn on going down tbrtt 
feet farther you should have a range of only 5', and » 
oa Also the time at which you have what U callcda 
p[irticiil.ir phase of the wave of heat (say its maximuni 
or its minimum) should he later and later in proportion 
iimply ss you go furllicr ilown, so that tf it be a rnnnlh 
later at three feet, it should be two months later at «* 
feet, four months later at twcK'C feet, and so on,— 3 
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montli later fur every tlircc feet you go down. But notice 
that it would be so only on the Auppo^tloii that thccoff 
ducting power is the same at all tern permit urea. 

In performing the bar cxpcriniciit according lo 
Angstrom's method, ihr wave of temperature which 
passers tliL- therm^HTieters does not in gtncral givt ranges 
dimliiijahmg in gLonietiical progression as wc atlvaiicc 
{Uong the bar in arithmetical progression, nor arc the 
periods of maximum constantly later and later by 
equal amount* for efjiia! successive intervals along the 
bar; but it would be so if the surface^Ioss were very 
sniAll, and the conductivity the same at all temperatures. 
Any such deviations then arc due to lhc3c causes, and 
by them Uie amounts of the causes can be scparatel}- 
calcubted. 

PrccLicIy the same st*itements that I made with re- 
ference to the distribution of temperature and the con- 
sequent flux of heal will apply, if instead of the word 
'heat,'wc iuk: tlie word 'electricity," and if instead of 
the word 'temperature,' we use the word 'polenttal/ 
iv^iich tortcspoiids, in the theory of electricity, precisely 
to temperature in the theory of heat; so that vrhen wc 
write a mathematical formula to express the conduction 
of electricity in any body whatever, that formula will 
Apply equally well to a corresponding case of the con- 
ductiaii of hffat. There is no difitrence whatever br'- 
twecn them lil! wc come to the interpretations. Wc 
interpret a certain s/mbol in them to mean in the one 
eaee potential, in the ether case temperature. 

One of the moct curious instances of imitation, on an 
exceedingly small scale, of what takes phice un a very 
large scale, is suggested hy this analogy. If [ take a 
^Aiall piece of copper, an inch or so long, and keep one 



3;» 



CQADUCTION OF MUAT. 



end of rt ia connection ivEth a Ihermo-elcctric jurction 
and a galvsnomrtrr, v» sut lo mt- asuTic vcij' accurately any 
Utile changes of temperature that may ;imve at that cnA 
fippEy a lamp to the other end, just as you would appi/ 
to the near end of the Atbntlc cable the pole of a pi* 
vanic battery; If I signal with this lamp just a«4 the 
telegraph operator dtJcs w:i!» the y_iilv-mic liuitery 
throuf^h the Atlantic cable, exactly the «tamc rcaulb 

ly be produced on the gvlvEinomctcrs m the two 
the tiny dimcn^ioits of the heat-conductor being 
necessitated by the time rcquinrd to sensibly alter lie 
temperature at the Car end of the bar. You m]uitc to 
lake ft very ihort bar. indeed. In order to represent die 
phenomena on the same ^calc, but you can have pre- 
cisely the same effect* in the two ca-scs. And (: is not 
At the; ends mrrrly, huf ^t aII :^uniUrly sitiijiled points 
in tbe two conductor^ that the temperature and ^jotcn- 
tial arc proportional to one Euiothr^r at each in^tai 
time. 

Aroiher ilUi^tration of the fiamc thing 13 fumisl" 
hy whpit you sec here — the diffusion of a ^alT in 
solution through dear water. Take a tall vessel, such 
ai this, iind having filled it with clean water, c&fcfillly 
boiled beforehand to exclude air from it, then, wt 
it is perfectly at rest, by mi^ans of a very 1on|f-n( 
funnel carefully pour in a snluifcn of some 
colojrcd salt, auch as bichromate of pota^i. freely 
soluble in water, so that it lies as a hoHiontal 
stratum at the bottom, without disturbing more than 
slightly ttic water above it. We find that, in spiw of 
gravity^ some of the salt from the denser soh 11 ion maVc5 
its way gradjally up through the superincumbent 
column of water. But Just as the rate at which heat 
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p^setB from one part of a body to aifothcr depends upon 
the (gradient of tcmperattire. and just as the motion of 
elcCTridry depend* upon the gradient of the potential, 
so the rale at lAhicIi this salt dtiTuBes fmm one layer to 
another depends upon the gradient of strcngtli of the 
solution. If there be any \\yo places contiguous to one 
another where tlic; strength h the same, tlier there would 
be jvist as nmch given o\iC from the one side lo the other 
fta there is from the secand side to the fintt, and ihete- 
forc, on the whole, then: Avculd be no transfer; but 
ivhcrc there is a denser solution placed immediatdy 
contiguous to a less dense on e^ then you have more 
given out per second from the dense solution to the rare 
one than you have from the rare nnc to the dense. And 
because this takes place according to precisely the same 
law as in the case of heat and elccliicity. any investiga- 
tion whatever as to conduction of heat or electricity haa 
a possible, or at lea^t conceivable, application to some 
dswe of diffusion of a solid in a liquid which di-isolves it. 
T*Jow, iu all these cases we liavc really been dealing with 
diftuaion, whether of the particular kind of enci^y which 
we call heat, or of the kind which we call electricit>", or 
of inattcr itself, the law of the diffusion beinj; precisely 
the sfime in the three cnses. We call by the name 
conductivity, or conducting' power, the numerical quan- 
tity which tells us hnw much heat or electricity passes 
in a (pven time acro:?s unit of area under a given gradient 
of temperatiire or potential ; so that, ir\ the same way, 
uv may spenlc of the diffuslvity (if the word be per- 
ntttted) of one substance in solution in another. This, 
again. Is a definite numerical quantity, whose value is 
in every case to be determined by experiment. !t 
depends not only upon the nature of the soluble salt. 
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bot also on tlic nature of tlie nubcUAiicc in which it s 
dissolved. The product of this diffiisivity by the gn- 
dicnt of strength of the solution, Rives you the quantity 
of vale which pastes In tirrt of time froon one side to 
another of x Kquure unit in the lif|nid- 

M\i\ it b not only matter and energy wliich can tx lo 
difTu^d : wc can al.%o h^vc difYu^ion of momentum' 1 
tondudcf to^ay with a biief dincuasion of that subject, 
becaiue it will form an excellent introduction to tb? 
subject which I must lake up in my next Icctunf- Wt 
will take an annlogj', fiist publislied I belicsT by Pro- 
fessor Balfour Stewart, though it had occurred iIld^ 
pcndefitty to others. Suppose there were a railway 
train paf^tin^' through ^ station, and tliat a number oT 
individu:Ll3& tvho were waiting on the platform should 
jump into the train as it passed, ard other pAMer^cfS 
were to jump out of the train, what would be the ef!cct 
on the tmin's motion ? Simply this — some parti of the 
train (because the pasi^enyerft were at first virtually 
parts of (be tram) which had 3 cert;tin amount of for- 
ward niotnt-ntum, jumjied out nr Itift ih^- tr;tin, laWni; 
their momentum with them. The train, therefore, as s 
whole, had Ic^a momentum, but also less masSn atiof 
these pa^aengcr^ left it than it had before. On tJtc 
other hand, other passtngtTs who had no momcnCUTn 
at ;tU, Mmply stepped intu the tr^in as it pas^d theua. 
•so that the train gained no momentum by them, but 
gained mass. If a body (^aina mass, hut does not gain 
momentum, it must be losing velocity. Thus the eETect 
of tliose who jumped oul is not either to increase or 
diminish thL- vduuty uf the LiaJn, unless tliey gave it a 
jerk on starting from it. If they jumped forward so a» 
to give tlicmsclvca more velocity than the train, tlwy 
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oiild tttard ihe tram to a cci-tain extent, galrmg in fact 
:additiond momentum, wliich is simply taken frojn that 
of the train. If they were to jump backwarc!^, so as, if 
possible, to deprive themselves of any forward motion 
when they left the train, then they would quicken the 
traiiin Bijt if wc suppose them siniply to step out 
tiansvtrrsdy lo the trdin. and take the consequences, 
ilhcy will leave the train with precisely the same vclo- 
cit>' it had before, but it will have less momentum 
than befoi'e, because, although having the same vclo- 
jCity. it has less mass by the masses of the pas.scnger^ 
who have gone cm. But Uiusc who Jumped in, if they 
jumped in tn a direction transverse to the train, ao 
AS to have no momentum in the direction of the rails, 
■mu^t necessaiily diminish the velocity of the train, be- 
cause they caiiiiol change its momentum, but they do 
chai^ge it5 m^ss* and if enough of passengers could 
jiimp into the train at once to enormously increase its 
mas,':, tlien they would be capable of reducing its velo- 
city to any small amount you choose, 
I C^rty the illu-itratioti a little further by supposing 
ttwo long trains passing one another, and passengers 
■stepping both ways between the two, it will be obvious 
,to you that if this process could be conlinitcd long 
lenough, it would end in destroying all difift^rence of 
Velocity between the two truins : — since oniy when their 
j^'elocilics arc cjual can there be no alteration of mo- 
Tncntum by shifting a part tr^ns\'%rscly from one train 
to ttie other 

ThU illustration, of course, is a perfectly easily con- 
ceived one ; but it will help us to understand what h^is 
until very lately been an extremely obscure subject, — 
lVIZ., how it is that there can be such a thing as friction 
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between portions of air ; how it is that streams coti- 
sisting each of detached particles flying about among 
themselves^ can act as if they were solid bodies nibbing 
against one another. It enables us, I say, to explain 
upon what depends friction in fluids ; in gaseous fluids 
at all events, — if it does not quite enable us to explain 
friction in liquids. Of course the explanation of friction 
in solids must depend on totally difierent principles. I 
shall, in my remaining lecturesj explain the molecular 
motions due to heat in gases, and must therefore recur 
in part to our present inquiry. 



LECTURE XIL 

STRUCTURE OF MATTER- 

limils of Divisibility of Malter. Id physicB the terms great and smal] are 
merely reiatiw. Various hypolbesea as to structure of bodies—Hard 
Alam — Centres of Force — Continuous but HeterogoieoTU Slnicluie — 
VoTiEi-atoms — [E>igression on Vonex-Moliorir] Lesage's Ultramubdane 
Carpuaclea. Proofs thai matter has a grained stnicture. ApproKiraation 
to lis dimensions fmm the Dispersioa of Light :— from the phenomena 
of Contaet Electricity. 

As I promised in my last lecture, I intend to take 
up to-day the consideration of recent results as to the 
ultimate nature and constitution of matter This is a 
problem which has exercised the intellects of philoso- 
phers from the very oldest times, I have no doubt 
you are all acquainted with some of the speculations 
whichj whether their own or not, Lucretius and others 
have given forth upon the subject These, in many 
cases, possess even now some interest ; but in compara- 
tively modern times such inquiries have usually led to 
what may rather be called metaphysical than physical 
disquisitions. It became^ in fact, the question of * Yes' 
or 'No' for infinite ultimate divisibility of matter. 
Now that is a problem which, however simple it may 
appear to the metaphysicians, is at present quite as far 
from us physicists as it was in the time of Lucretius. 
We have made certain steps towards the knowledge of 
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tlic iLAturc oT particles or molecules of nutter; but as 
to the queatioa of 4tom9» — that b to say, whether in 
Koioi; on (JJvidinf; and dividing;, if we could carry the 
process far enoiigh, wc should finally arrive at por* 
tions of matter ivhkh arc incapable of fun]ier diW«ku^ 
— that i» a <jucKion, I say. whose solution seems to 
recede from our graap as teat, at le&M, a^ wc attcinpE 
to approach it. 

There \% a preliminAfy to all inquiries of this kiod 
which, though obvious to cviTy onj: wortliy of the 
came of m&thcm<ittcian, is by no means obvious to an 
intellect (however aaturally acute) winch has no mathc- 
mattcaJ training. It is this: — that /^rfiriV n&jnekiMi^ 
as la^in/afc/fii*, there is rclaliur greatness and smaUne»— 
nothing mure. To human iK'Jngs things appear koiaII 
which arc juat \TsibIc to the naked eye— vcrj' sniall 
when they require a powerful micro^opc to reaikr 
them visible. The distance of a fixed star from uf ir 
enormous compared with that of the sun : — but iMertis 
aheintri^ Mu(kifi^ to show th^t even ^ portion of matter 
which in our most poiflc/ful microscopr.s ^pp<rar» ai 
hopelessly minute as the mo3t distant star appcafslfl 
our tdescopiis. may not be aa a&toiiodingly comptCJC 
in its structure a*i i* that sur itaclf, even if it far exceed 
our own Aun In magnitude 

Nothing b more preposterously unscientific t}izn to 
assert (as is constantly dene by the quasi -scIentitiG 
writers of the present day) thai with the utmo^tt strides 
attempted by science we should nGCessarily be sensibly 
nearer to a conception of the ultimate nature of maitci- 
Oidy slicer ignorance could assert th-(t iherc is any 
limit to the amount of inform^Ltion which human bebga 
may in lime acquire of the constitution of matter- 
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However far wc may manage to go, there will still 
appear before us something furtlier to b& assailed. 
The small separate particles of a gas are each, no 
doubt, less complex in structure than the whole visible 
universe ; but tlic comparison is a comparison of ftw? 
infiiiiUs^ Think of this and eschew popular science, 
whose dicla are pcrntcion3 ju3t in proportion fis ihc/ 
are the outcome of pfesumpluous ignorance. 

1 shall commence by briefly sketching one or two of 
the more x^l^u.sible or justifi;ible opinions which have 
been enunliatcd by various philosophers a% to the so- 
called ultimntc constitution of matter. The firat: — 
that whicli 1 have just referred to :-— is the notion of 
the perfectly hard atom. You meet with it, not only 
long befoTL- the time of I-ucrelius, but also in all sub- 
sequent time, even in the works of Newton himself 
Wc find Ncv\'1on speculating on this subject in hia 
unsuccessful attempt to accovmt for the extraordinary 
fact that the velocity of sound, as calculated by him by 
strictly accurate mathematical processes, was ffTiiiid to 
be something like one-ninth too little. Wc find Newton 
suggesting that poaaibly the particles of air may be 
little, hard, .gpherical bodies, which, at the ordinary 
pressure of the atmosphere, are at a distance from one 
another of somt-where about nine times the diameter of 
each ; and, be says, sound then may be propagated 
I nstantfincou sly through these hard atoms or particles 
of air, while it is propagated with the mathematically 
calailated velocity through the space between, each 
pair. This is no doubt a very ingenious suggestion, 
and it enables him to get rid of the outstanding diffi- 
cultj', because it virtually reduces the space through 
which the sound has to trawl to I'^ths of what it other- 
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wiAc would li4vt: been ; and Uicrcfore it cnAbIca hini to 
ftdd }th to the c^kuUtcd velocity of ftouod. In Tact it 
virtually m.ikt's sound pass over iUl more sp:i- . 
pv<:ii time thaa the Tnathematical InvestJ^UoD t.\\ 
It 4^hould do. But, unfortuTutely Gor this cxpbnatkM^ 
it tmptics thjit !K>uiid .nhuutd movx: faster in dcnM; tlua 
10 rare air at the name ttrmpcraturc. Thid is iaood- 
sistcnt v'itli the results of direct meaMLfcmciiL 

The true explanation, however, why the vclodt>'of 
*touiid U difTcrenl from thiit givc'n by Newton's malhc- 
laticai calcidatioa was fuFnishcd by LapUcc, h^ 
'showed that during; the pa3»e:c of a aound-wsvc 
through the air, the alternate comprc^ions and dj'latv 
tioR« take place so suddenly that the air haii not time 
to jiart with the heat gc-neratetl by the compri.-ssTon* o< 
to aiipply the loss of temperature produced by the ex- 
patiiion, and therefore it5 pressure Inereascs moie infeD 
It U compressed, and diminUhes more when ic is diUwd 
tlian it would do if it were kept constantly at the esatt 
^tetnt:cralure. And it is found by exjierimctit tliat the 

Lount of heat developed by compression of air, or the 

Lount of heat absorbed in its exfunsion, is completdf 
exactly iufTicient to accoimt for the ninth whid 
Newton fountl waniinjc ; so lint, although weh;t^«b 
jthis way NcwtoaS authority for the nuppt^sitJoa that 
there may exist ultimate hard particles through whid 
sound or an>' motion may be tiunamitted instantane- 
ously, the ground upon which he introduced thera ha* 
now been found not to warrant that irliodtictiortrOnil 
therefore we arc left as mucli in difficulty as before: 

There is one point, however, which should be Ddioed 
before fcavinp this speculation of Newlon'e : — thai If 
the particles of matter be small hard atoms, who^c site 
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bears ^ny limtc rfitio to the di^^tances between contigu- 
ous ones, there must be a limit to the compressibility of 
any and every body. For instance, ff Newton's sug- 
tioiL had Lccn currccl ; if the jjiirticlcs of air at the 
nary pi-cssurc of the atmosphere had a diameter 
al to about Jth of their mutual distance from one 
another, then it is obvious that if you were to compress 
a nafes of air tntci Jlh part each way in each of thre? 
dimcnsior^s, you would bring the particles in the vadoas 
layers into contact with one another. That is to say, 
when a mass of air, taken at flie ordinary pressure of 
the simosphere, is compressed to Jth of ^tJi of Jth, or 
y^th of itfi orig^inal bulk, tlicn the particleit are in con* 
tact with one another, like cannon-balls in a pik-j and 
its thuy arc, according to Newton's supposition, infinitely 
hard and incompressible, it would be impos^ble to 
compress the group farther. Htnce air could not be 
comprtascd tv a smaller bulk than rlrftb of the bulk it 
has at ordinary pressures and temperatures.' Now, wc 
know that air has been compressed by NatCcrer and 
Others far beyond that, anj therefore, tested from this 
point of view also. Newton's explanation or suggestion 
is seen to be quite indefensible. It is obvious, however, 
that if there are such amall inhnitcly hard particles aa 
atoms, they must be in all bodies at a distance from one 
another, because, £o far as experhiicnt has guided u^ 

1 Thii supjMws The part^eln lo be Brranged in ciibir4t otrlw, w ffiai 
tflob u in MDad with only tix <iiber«- Hut tlu^ can be jT4ck«d clok«r, 
b]r nmncing ert^iy [hn:f cDiLtigvov^ (ph«f(T< in iriuigular order, £i^ thu 
c«cb i% m coniaa ^vuh Iwclvc oihcn-^ThydcnHty b this Cdsc is ^zvXa 
ill ibc furiLiet in llie incJa ^r V' lu i • mi ihi^t ficwlon^^ t'<>'il> <j' 
cnl pnnidcs cuuld Lc cqoipictwd lu r.%>al {kurl uf [In? fpacc the; 
Tislly (itcnpied. {fnw. K,S.K„ A?J, 136^-) ThK huwtfvPr, liut* fi(« 
oiBlidate tilt Teiri£dlu dhov& 
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there ifi no parti(m of nmtter wlutcvcr that is not cap- 
able of funher compression by the application of suli- 
cieat prcMurc ; an<!. of course, cofnprcukin of a sroup 
of infu^itd)' iurd particles must presupf>OSC that tbcy 
have ccTtaoi intenEtices between them, %o that they vt 
capable of being brought «ti1l nearer. 

Another :tchoo1 of philaviphcrK and ekcpcnmcatcff^ 
recoiling from Uic notion of the bard atom, took up the 
following idea. All that we know of atooia vrilT he 
perfectly well accounted for if we dispense altOf^clher 
with tlie ntJtion of ;in atom — dispertse with anything 
maTrrNil in the ordinary sense uf the word matter : — hut 
suppose merely a centre of force, such as wc arc aocu^ 
tomcd to in those mathematical hctions which we moet 
with in our text-books. Suppose, in pbce of an atoi^ 
a mere gcometrica] point, which can evert repuUivc<3r 
attrrictive forces ; or rather suppose such force? tending 
towards or from a certain point, but notliing al lbs 
point ; except, in some unexplained way. mass. So far 
as external bodies arc concerncdr this wiU behave jutt 
a£ an atom would do^ That explanation was takeonp 
and developed to a great extent by Bo^covlch, aad 
was to a certain extent adopted in later (inics even by 
Faraday. It is. as I have stated at the outset, a oiathc 
malical fiction, but il is often an extremely conwnient 
one for the purpose of enabling us to make ccft»fl 
mathem all CO- physical investigations nf what talced plno: 
in the interior of bodies in their various states of soUd^ 
liquids, and gases. 

Then there is a third notion — that the matter of a*f 
body, where it does not possess pores, like those, for 
Instance, nf a spnnge (whicli obvtnu_^ly dors not ofcnpy 
the whole of the space which its oJtJinc fills) lills spate 
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continaouslyj but with exlraordinajy heterogeneousnesa. 
But if in such a body as a sponge we were to take a 
part so small as to be without pores, according to this 
notion* even such a part U continuous but intcnsdy 
heterogeneous. 

In order to make this more plain, let us think of it 
on a greatly magnified scale ; let us think of an enor- 
mous ina*;s like a pyramid, for iTi^ance, or like the 
whole earth. bui!t up of bricks and mortar ; or, rather, 
like a huge mass of rubble, built of irregular atones, 
with mortar filling the interstices. Or. to take a body 
of intermediate size, suppose the moon were built up 
of materials of that tmd. Looked at with our most 
pow<rrfiil telescopes, it would appear to be perftetly 
homogeneous in texture. We could not possibly sec 
the heterogeneity, the passing from the bricks to the 
mortar, or from the stones to the mortar, unless wc 
could improve our telescopes so as to magnify enor- 
mously more than we can at present have any hope 
of And unless wc could obtain'almost infinitely more 
perfect tranquillity of the air than has ever been noticed 
by observing astronomers, even the possession of the 
requisite enormously high optical power would be impo- 
tent to reveal to us that the moon was not homogeneous 
throughout, but that it was really intensely heterogene- 
ous when closely enough examined, 

N^ow, what the moor presents to us at its distance of 
350,000 miles — enormous from one point of view, but 
very ^mall in comparison with other distances even in 
the solar system — very much the same tiling is pre- 
sentcij to us by a single drop of water Our difficulty 
there 13 not on account of its distance, but on account 
of the extreme minuteness of the heterogeneity whicli 

T 
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WG desire to measure- No microscope has yet enable 
U£ to sec anything of the nature of hetenpgcncity ifl a 
quantity ot u^^tcr, magnify it aa uc picisc, but yet there 
must be hetero£;ciieity, and that of by no means incoa- 
ccivably ttniaJi dimen^ona, at you wilt sec by miKf 
proofs wltidi I siliall presently proceed to give, 

A», however, I am at present merely cLiuifying the 
Vjuioua more plausible auppositions aa to the ultimate 
nature of matter, I do not now i^ive that itlu^tmtioa but 
leave it for a few minutes. 

Finally, as tla- only other of tlicse hypotheses w}]Jch 
it t» ncccsiiry to bring forward, I mention that (jurlc 
recently 9Lit:CC»tcd by Sir William Thotnson — the notion 
that what wc call matter may really be only the rotatidi; 
portionaofAomcthing which Wiethe wholeof space; that 
U to txy, vortex- mot ion of an cvcrj'whexc present fluid. 

The pei::uliar properties of vorLcx-mutlon wrnr mathe- 
matically deduced, for the first time, by ITclmhoItti, 
some fifteen years ago only, in a most bcautifu! mveati- 
gation, in which he broke ground in a department of 
hydro-kinetics, the difTicuIticrs of which, up to \\\t time, 
had kept mathcmaticiins almost completely aloaf. 

So far, at all events, as concerns ihc motion of a per- 
fect jncomprcsfiible liquid, Helmholtz made out agn^nC 
many thoroughly novel and excessively intercstincr pro- 
position^and «pon these Sir William Thomson based 
lii.s iK3tion vi possible vortex atoms. 

It will be necessary that I should give a brief sketch 
of the nature of these results of Hclmholtr. in orio 
that you may easily follow my explanation of Sir \va- 
liam Thomson'* sugg<?!ition, and 1 do so the nwrt 
readily because it is, or^ at all events, it appears In lay- 
self to be. by far the most fruitful in consequences of ^ 
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le suggestfons that have httherto been made as to die 

ultimate nature of matter. Especially docs il give us 
a j^limpse, at least, of an cjcpUnatior of the extraordi- 
nary fact, that every atooJ of any one substance, where- 
soever we find it, whether on the earth or in the sun, or 
in mJ?teont<.'S coming to us from CLismlcal spaces, or m 
the farthest dUUat stars or nebulae, ptt.sscases precisely 
the same physical properties. So convinced are we, by 
experiment and observation, that hydrogen, in the 
farthest nebulae, m the farthest stellar system, vibrates 
(when heated) in precisc^ly Ihe same fundamental nodes, 
and in precisely the same periods, as it doej^ in a Geiss- 
ler"3 vacuum-tube 1:1 our laboratories ; that, as we have 
already seen, any apparent exception to this is hailed as 
a certain source of intormation about the relative motion 
of such bodies with regard to the earth, and in some 
caries may give an invaluable method of obtaining their 
actual distances from us. 

As a preliminary illustration, I shall show the forma- 
tion of a simple eireular vortex-ring : exhibiting one or 
two of its more important properties; and then we shall 
get rid cf the apparatus for producing i( as fast as we can. 

The apparatus consists, as you set, of a very homely 
arrangement, merely a wooden box with a large round 
hole made in one end of it, while the opposite end has 
been removed, and its place supplied by a towel 
tightly stretched. In order to make the air which is 
to be expelled from this box visible, we charge it first 
with ammoniaeal gas, b>' sprinkling the bottom of the 
box with strong solulion of ammonia* A eertain 
quantity of ammoniaeal gas has now been introduced 
loto it, and wif shall develop in addition a quantity of 
muriatic acid gas. This is done by putting into the 
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box a didi containing coouaon s&lt, os-cr whkfa 1 p< 
Aulphufic add orcoaini«rcft Thesetwo ga»e« coraUi 
and fonn solid >al ammooUc. so that anyU^ng y\%W 
whidi rsca^wH rnmi the box b mtiijiI)' jEirlidc^ of >at 
aminonUc; which are so very small tliat tliey xcmzt 
suspended by fluid-friction, like smoke in the atr Nov 
notice the citect of a sudden b1o\r applied to the cad J 
the box oppoJ^te the hole. There you see a circulv 
vortrx-ring, mc>ving an {X% own ;tccouiit through the 
room as if it were an independent solid. 

1 shall tiy now to show you the effect of one vortex rinj 
upon another, just as 1 showed it here to ThomsonrVrhca 




he %t once formed his theoryn You Tiotlcc that vhcQ 
two vortex-ringi impinge upon one anolhcr, they be* 
have like solid clastic rings. They vibrate vehcmenTfy 
after Che shock, just as if they were solid rings of India- 
rubber. It is easy, as you see, to produce such vibra- 
tion of a vortex -ring wltliout any impact from anolher. 
Allwc have to do iato ^uh^litute an elliptical. orrtV*rfl 
sgttarr Iiolc for the circular one we have hfthcrto coa- 
ployed. The circle is the equilibrium form of ttc 
simple vortex, and thus, if a simple vortex be produced 
flf other Ihan a nrctdar form, it vibratei: abcur that 
circular form as about a position of equilibnum. Ad* 
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Otliercunousresult wliidi, as you scc^ is easily produced^ 
15 lo make one vortex-ring ;^(jjj;^/f^'ff«£"/^ another Helm- 
holtz showed that if two vortex-rin^s be moving with 
their centres in the same line, and their pUnea perpen- 
dicular to that line, then : — first — if they are moving in 
the same iliiectiiHT^ the puis*ier cQiUriicts aritl moves 
faatei", while the pursued expands and moves slower, sg 
that tliey alternately penetrate one another : — secmd — 
if ihey are moving in opposite directions, both expand 
indefinitely and move slower and slower, rever reaching 
one another. In fact, the one behpives to the other like 
its image In a plane miivor. And this, as y^M now sec, 
i$ the fate of a vortcx-ring which impinges directly on 
Q pianc solid surface. 

Now, the first vortex-rlng which you saw saiUn^ 
up through the tla^a-rooin, contained precisely that 
particular portion of air, mixed with sal ammoniac 
powder, which had been sent out of the box by the blow. 
It was not merely s-al ammoniac powder which was 

ing ihrough the air, but a certain ilcfinittr puriion of 
smoky air, if wc si> ntay call it, from the io-sidc (if 
that box, wliich, in virtue of the vorlcx-motion whidi it 
had, became, as it were, a different substance from the 
gurrounding air, and moved through it very mach like a 
*olid body. 

In fact, according to the icsult of HelnnhoUz's re- 
searches, if the air were a perfect fluid, — if there were 
no such thing as Huid-friction in air»— that vorlex-riiig 
would have gone on moving for even^ Not only ao, 

> Of cmirse, in nit, fluid friciinn, wTitch rfp(fcnids upim rliffiiPiinn, soon 
lnt«rfxri-« w-iih this i^taIs oI (bingi Bin, in ite exporiinent as ahmm, 
rtic ring foffonic tin of rsiijht jnchci \v> ditmcTor) w*i not wnaibly altered 
hy luch (nubcs lii the Eii^l twcnly feet uf \i\ |KiLh. 



!>* STRl 'CTUl^R or AfA TTR/t. 

but the portion of ihc iluid vhich contAincc! the amolccp 
which WAS. an it were, marked l>>' Che smoke, would re- 
main precisdy the snme set of particles of the fluid as 
it moved through the rest ; so that rhose which were 
thu* marked by the smoke were, by the fact of the* 
rotation, distingujahcd or differentiated from all tiic 
rest of the partlclca of air in the room, and cfHil4 
not by any process, except an act of creative power, be 
made to unite with the fluid in the room. 

That is a point wliich appears tc) me to be one oTtix 
most striking: cliamctcnstica in the foundation of tTtt« 
sucgcstion of voncx-atoma. Granted that you have a 
perfect flttid, you could not produce a vortex-ring in it; 
nor. ifavorccx-ring were there, could you destroy it N(> 
procc^i at our command could tenable us to do either, 
because in order to do it. fluid- friction b c«9cntiilb' 
requisite. Now. by the very definition of a perfect fluid, 
friction docs not exist in it. 

Thus, if we adopt Sir William Thomson's supposition 
thill llic universe is iiJlcd with siwiflhing which wc have 
no right to c;il] ordmaij- maitL-r (though It mu»t powoft 
inertia), but which vc may call a perfect Add ; then, if 
any portion* of it have vortex-motion communicated 
to them, they wHIl remain for ever stamped with ^t 
voftcx-motioci , they cannot part with it ; It will remain 
with them as a characteristic forever, or ^t feast until 
the creative act which produced it ahall take It away 
ngftin. 77:us Ms property ef reunion «wwy t^t tk4 ^« 
o/ aJt :ii/}t sc our Sff^ef (tpffah as warut. 

The properties which Hclmholu showed that sud 
a vortex -filament must pusscsa are these — fir?;t, that 
every part cf the core of the filament b caacnliallT 
fotiiiing. A vortcx-fi lament may have infinitely wzny 
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shapes besides the simple one which I showe<3 you just 
now. Unfortunately ;t appears impossible for us 
to funn, even with an Imperfect fluid Hkc air or water, 
a vortex -filament of any more complex character tlian 
that iimple circle, ThcoreticaUy, a vortcx-ftlnnicnl can 
exist with any amount of knots and windings upon it, 
but then unfortunately we cannot devise an aperture by 
which to allow the ^moky air to escape »o as to give us 
such a knotted vortex. If we could devise the requisite 
form of aperture, and pnxiuce the vortex, then so long 
as the friction of the air did not seriously comi; into 
play, that vortex would retain it* characteristics as com- 
pletely as did the circalar one whiJi I sent out, and 
not only that, but it would possess that same elasticity 
about a de^nite form of equihbrium which you noticed 
the circular vortices possessed. They not merely keep 
til^ir portion of air always in the vortex state, but they 
also Iiavc a delinit^ form, in virtue uf which they possess 
dasticity, so that when the form was altered for a ino- 
raent by a sudden shock between two of them» each 
oaciilated about its definite form, to which it finally 
settled down again. 

In such a vorlcx-iing (as you will easily understand 
by tliinking how it came out of the round hole in the 
box), the motion of the particles of air is of thia kind. 
Suppose it to be coming forward towards you, then 
every portion of the air on the inner side of the ring is 
moving forward, and every portion on the outer side \% 
going backward, so that the whole is turning round 
and round its linear circular core. The air all ^bout it 
is in motion according to a very simple law which, 
however, 1 could not explain without mathematics— 
except iathe particular case of that withhi tlie zmi 
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vrl^di la moving forw&rd fa*tcr than the ring itself, ! 
shall dfTord any of you who desire it faficr the IccEurc) 
an op[v:>mmity of convincing yourvlvcfl of the facL 
Eadi of you wilt lind that, if he places his fdcc ni the 
path of one of th«c large air r'orlcx-'rings. there i&» 
sensation whatever until the vortcx-rtng 19 almost dose 
to him, and when it rE;:4chcfi him he fceU a sudden blast 
of wind Bowing thmugh (he cwitn* of tt. Thus, thk 
voflcx-nng not only involves in itsdf rotating denwnd 
which arc thereby di.ittnguiAhcd altogether from the 
other elements of the fiuld, but it aUo is associated 
necessarily with other movements through the non- 





difTcFentiated air, ;Lnd c^^pecially a forward r^pid y 

of air passing ihroiigh its centre in the direction ia wtrid 

It is going. 

HelmhoItK showed that if vortex*^ laments cxTst in 1 
continuous medium of any kind, one of two tilings must 
follow : — either they must be ring -sliapL-d — that is to say, 
endkss— after any number whatever of knottingfi or twist- 
ing*, the ends must cometogL-thcT, or else the ends muSl 
be in the free surface uf the liquid. Now, you can e*si^ 
form half a vorlcx-ring. 1 dare say many of you biivc 
Been such a thing over and over again without thlnlcing 
what it was. You must all have seen that when you draw 
a teaspoon along ihe surface of a ctip of tea, and Ufl it 
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up from the surface, there arc a couple of little cddiea 
or whirlpools going round in the tea rotating in oppoyite 
directions, the two moving fomard {as do theJr sides 
which are nearest one anotlierj in the direclion in which 
the teaspoon was drawn. These two little eddies are 
simply the ends of a half vortcx-ring. There can be 
eads in such a case as that, because the^e two ends 
are in the free sniface of the fluid. A vortex-ring, then, 
cannot have ends, it niust be a ring in fact, except these 
ends be in the Irec surface of the liquid; and if we 
adopt Thomson's notion of a perfect fluid filling: infinite 
space, of course there can then be no ends. All vortex- 
ring^ — and therefore, according to Sir William Thomson, 
a]1 atoms of naatter — must necessarily be endleas, (hat is 
to say, must have their ends finally united togctlicx after 
any number of convolutions or knots. 

Secondly, though thisis really involved in what wc have 
just seen, Helmholtz shows that such arrngisindin'sible: 
you cannot cut it. Do what you like; bring the edge 
of the keenest knife up to it as rapidly as you please, 
it cannot be cut ; it simply movc3 away from orwrigglca 
round tile knife ; and, in this sense, it ja literally an 
atom- It is a thing which cannot be cut ■ not that you 
cannot cut it ; but that you cannot so much as get at it 
30 33 to try to cut it. 

This idea of vortex atoms enables us to explain a 
great many properties of mauer ; but it has introduced 
US unfortunately [perhaps 1 ought rathci to say fortun- 
ately) to a series of mathematical difficulties of Incom- 
parably superior order to those suggested to us (at least 
at 80 early a stage) by any of the other ideas as Co the 
nature of matter, 

The fact is that llclmholtz's investigation, made fifteen 
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ycvx aga was the very first attempt to talcc more tJia& 
n single step into th« w-iUc and very diflicult subject of 
h^-dro-kiii^tics^ without the prctimln^ry assumptioa that 
the motloD should be difTcrcntulIy irrotatlonal. 

TliG sLibjctrt of rotAtory fluid motion is sudi a for- 
tiiddlag one, from a purdy mathematical poiat of view, 
that no one had done more than take a l^^^k at it &s tt 
ucre, until HcTmbolti g^vc ug the;e fundamental pro- 
|KMttiuirf i — splendid as ihcy arc, they arc only a firtt 
step. Indeed, to investigate what takes place vlien 
one circular vortex-atom impinges upon another, and 
tbe whole motion is not symmcCrical about an axis, is 
a task which may employ perhaps the lifctimea, for ifac 
next two or three generations, of the best mathe- 
matician?^ in Hi]TO[>c; unless, in the meantime, some 
mathcmatleal method, cnonooualy more powerful than 
an>'thing we at present have* be devised for the porposc 
of solvini; this special problem. Thig is no doubt a 
very formidable difficulty, but it \% the only one irfiich 
seems for the mcment to attach to tlie development of 
this extremely beautiful speculation; and it Is tbc 
bu^incs!^ of mathcmattciatrs to get over difficulties of 
that kind. 

Hut there is more than this. In general, vortex- 
atoms, if thry be at a moderate distance from ooe 
another, will ncrt exhibit in their bebaviour to one 
ani^thcr, jtnything of the nature of gravilatioa That 
re&ult nt all events we e;\n derive by our modem im- 
provements of mathematics. How, Chen, is giaviratien 
lo be accounted for on this theory ? The theory of 
voitex-atoms itself must be rejected at once if it cart 
be shown to be incapable of explaining thifi gTatid 
law of nature, which tells us that every particle or 
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atom la the universe attracts every other with a Torce 
praporh'anJ-I to their masses conjointly, and to the 
square of their distance, Inveisely. Now ihe only 
plausible answci to thb which has yet been pro- 
pounded, was given long 3^0 (at the beginning of tliC 
cefitur>') by Lesage of Geneva, He showed that gravi- 
tation can in all cases be accounted for by the not 
hnprobable suppfi^ilion that, in addition to the gross 
particles of matter — I shovdd, perhaps, rather say the 
particles of gross matter ; but, as you will sec, the term 
gross panicles of matter also comes in as specially 
applicable to the hypothesis we are dealing with: — in 
arldition to these grosser particles which are the atoms 
of tangible or sensible matter, infinite as these are in 
number, there b an intinilely greater number of much 
sm,ilkr ones darting about in all directions with 
enormously great veloeittcs, Lesage showed that, if 
this were the c;ise, the eflecls of iheir impacts npon the 
grosser partick;^ or atoms of matter would he to make 
each two of these behave as if they attracted one 
another with a force following exactly the law of gravity- 
In fact, when two such particles are placed at a distance 
from one another, each, as it were, screens the other 
from a part of the shower which would otherwise batter 
upon it. If you had a single lone particle, it would be 
equally battered on all sides, but when you bring in a 
second particle, it, as it were, screens the first to a 
certain evtent, in the tine joining the two ; and the first 
in turn screens the secnnd. so that, on tJic whole, eacii 
of these two is battered more on the side opposite to 
the other one than it is on the side next the other one ; 
and, therefore, on the whole, there is a Tendency to 
bfing the two together by the excess of battering 



I 



i 



JOO 



STXt'CTi/Rh' OF MATTER. 



outside over that inside. Nowr, it is a very tzsf mathe* 
tn&ticgil deduction to show that the refiutt of Uu« if 
equivalent to an attraction, inveri^dy ai the s^^tiare of 
tin: iIlKCance ; ^tnd, ibisdure, liiuE it rxiicrtly agrrc<t nrlli 
the \iVH of gravity. It is nccc^SLiry ahto to suppose that 
particles and masses of matter have a caf^c^lJkc form, 
AD that cnorTOousIy more coTpusclc5 pftM through tbcm 
than impinge upon tliem ; else the gravitation action 
bctweirri twu bodies would nvt he -a% th<f product of 
th<^r masics. 

This supplementary hypothesis re<]i]ircs, from Thoni- 
son's tiieory, an explanation of the supply of cne^ 
to theie smaller particles ; which must, of coun^ be 
smaller vorttcw. This has, as yet, not been fully givd^ 
thuugH ccrt^Lin advances li^vc hrcn maJc- Witll % 
little further development the theory may perhaps bc 
said to have passed its firi^t trials at nil everts, and, 
beinf^ admitted as a possibility, !et\ to time ^nd the 
ntarltenmticians to settle whether, really, it will sccouat 
for everything already cxpcrimcnlally found. !f It 
doc^ ao, ^nd if it, in addition, cn^tblcs us to predict 
other phenomena, whicli, in tlieir turn, shall be found 
to beexperimentallyverified, it will have all the possible 
claim on our btlier that any physical theory can ever 
have. 

AUhougH we cannot, as yet, settle the t^ucttioa 
whether there are atoms or not, we can. at al) events^ 
by the help of chemistry, take one step of immenM 
consequence as regard* tht much simpler (question of 
heterogeneity, to which I alluded a little ago. 

Wc know that,— taking water as the most fami'liir 
of all substances to talk about, — we know that a dicp 
of water can be divided and divided to an enormous 
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extent, — -whether to an infinite extent or not wc dtin't 
know, but there is still a finite amovint of division to 
which a drop of water can be subjected, m which the 
parbi, which are finally separated from one another, 
arc no longer the same as portions of the whole. By 
means of a galvanic battery, wc caa dccompoac water 
into its constituent gases. Now, th{s shows at once 
that there must be some limit to the dfvision of a drop 
of water; a point which we caimut pass without pro* 
ducing something dJiTercnt from water, Tlic drop raual 
be capable of division into parts quite alike, similar and 
equal to one another, but so amall that if any one of 
these parts is again divided, the halves or paits of it 
cotjkl no longer be similar to one another, This slml- 
laiity must necessarily £0 on to a certain e;ttent, and 
to an extent far beyond what the microscope can show 
us ; biLt there mtist at last come a state of division 
when any further interference with oner of the particles 
will make each fragment something other than water, 
— will take away a part of its oxygen or a pajt of Its 
hydrogen, leaving too much of the one and too little of 
the other. 

Whenever we come to that point, we have got do\vTi 
To whal we may call the grained slrnctiire of the whoJe. 
WitJtout any assumption at all about atcm:^, tliis is 
obviously something which exists, and which wc reach 
in thought far sooner than we reach the atom. We 
know as yet nothing whatever as to whetlier oxjgcn 
ami hy(lrc)gt:n ccn^^ist of ultimate atoms or not ; but wc 
know that water and all other compound substances 
certainly do consist of ultimate parts^ — ultimate in this 
sense, that if you go any further with tlie division of 
them they cease to be parts of the substance. 
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Take a number of mcb similar parU of die substaooc 
as arc capable, when mixed U^thcr id any tiumbcn. 
of forming a m-Af.% of the substance Perform the same 
itorl of cijjor4li(«» upon ejcli of tiic-ni, an nj>rr;ition whidi 
shiUl make it tlifTcrciit from wliat it wa^ before by 
taking off a part of one of ita constituents oniy ; then 
if you mix all the^e aimilar porta tof-ether, you do oot 
get the original subirance. You get something x^se, \i 
indi-iM yuu ijut ^ cheinicaUy stable cout^iound at all, 
rathu^ Uian a mere mixture of several dilTeicnt things 
That ahowa;, then, that without going infinitcty fftr, you 
come to a place at which the heterogeneity b^ns to 
come in. 

Now, it is a very great step Indeed in science to 
determine fibout wh^t distance the Iicrlcrogcnctly set* 
in. To take the former illustration which I gave, if the 
moon were built tip, like a wall, oi stoi:es and mortatr 
into how many piece* muat it be broken, so that these 
pieces shall not be, on the whole, quite similar In ard- 
age materials to one another? A ptccc of manure 
bdckwork of the aUc of tJii* room could scarcely be 
distinguished from another piece of mas&ive briclcwork 
of the same size, if the bricks were laid io each in the 
ftamcT tacticAl order, and with the 3jnie thicknena of in- 
tervening mortar. There might be a projecting fractioi 
of n brick at one side n^orc than at the other, and so 
on ; but on the whole, a mas^f of brickwork of such a 
ftixe — that is to say, a mass so large in its dimcRuOOS 
compared with an individual brick — might be t;dked of 
as homogeaeous practically, or at all events as beui; 
simply and directl)' comparable witli another piece rf 
the same materials and size. But could we break down 
the mass into fragments :— after the mcrtar has become 
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as stroagjet ussay, asthel>n<:Vs: — fragments about The 
tciith part of the tlimenalons of the original bricks, then 
wc should have pieces quhc distinguishable ; one, per- 
haps, wholly mortar, another wholly brick, and a third 
partly mortar and partly brick. There at last you 
have got hi^tcrc^t-ndty^ ynd marktd heterogeneity, 
because two of tlic parts may have absolutt-ly nothing 
in common, the one being entirely mortar, and the 
other entirely brick, aUhough taken frotn the same solid 
mass, as nearly as possible from the same part of it, 
and of the samt sizc^. 

'It IS quite obvious. Uica, thai tlicrc is a mtwt Impor*- 
tant investigation to be made here, — at what limit docs 
this heterogeneity begin ?— and abo that it is already, 
to some extent at UasC, within our reach. The answer 
to that question has not yet of course betn definitely 
given, but it has been approximately g^lven by vanouii 
authoEs, and on various grounds, l-oschmidt was, I 
believe, the first who gave an estimate. Others have 
since given otlier estimates (very nearly agreeing ^vilh 
his) from the same point of view ; and lately Sir William 
Tbomson ha* not only given us an estiniale from ihat 
point of view, but he haa given us, besides, other three 
estimates from perfectly diflcrcnt grounds of rcaaomng, 
but agreeing with one another, and with the slightly 
older results, a% well at least as can be expected at the 
out^cTt of so novel an iiiquity. 

As this IS one of the most important of modern dh- 
covcrics, I make no apology for dilating considerably 
Upon these various arguments, the ocperimerts upon 
vrhich they are founded, and the results to which they 
lead wi. 

I may tcikc first, then, a mode of proof dqiending on 
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VI inveslifiation which, at the timer when It v&s pvcDi 
Hfc-a* hardJy perhaps understood in Its full weight Ic 
H'a« given consldctably before the period to which my 
pn.-«CTit cxpoaitioiift maiiify refer. It wu» An hivcsligft- 
tioD by the great French mathematician, Cauchy. of t}ic 
motion of Wghi in aoltJ bodice and liquids ; vrherdii he 
showed that, in order to account for what is called dJf- 
penFon, — that Is to say, the fbndamental phenomenon 
dUcuvered by Newtofi — tlie »epjual>on of tlic varioui 
coloura by refractton, — It was absoluldy neccstaiy, at 
least on hi» hypothesis, to take into account the cfloct 
of the diirtance betv-een particles of matter (assumtag 
that there are partjcles) wpon the motion of tlie lumin^ 
fcrous rnediuiTL He ahowwl that ihere cuuld be n<i micb 
separation of the vanou» coWrt of li|:ht Jrom <?ne aa- 
Othcr, unlcAK the distance from pnrticle to particli^ of 
the nubi^ance through which tlie hght was passing were 
compantble with the length of the wave of light, or ai 
Least were not infinitely <<maU compared iftith it 

Tiius, looked *it from our niod<:rn |)oTnt of vieiTi 
Cauchy'a result [vaicat quantum) simply shows us that 
matter cannot be homo^neous. If matter were abs^ 
lutely homogeneous, there might be refraction, but there 
would be no dispersion. All kinds of light would travd 
with the ssmc velocity in ^ass. just ^^ tliey did in the 
air outside; and» therefore, the mere fact th^.t thedKler 
ent Utnd:^ of light can be separated from one another tD 
p^ssiiig through a prism, gives, al least, a hint that tbc 
matter of the prism is heterogmeous, and that it* 
hctcrogcncousncss is Ttot infinitely rnoiL- fine grained 
than tlic length of a wave of any of the kinds of l^ht 
which it enables us to separate in their courses. 

Take this argument for what it is ii'orth (espedaU]^ 
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if we connect with it the irrationality of dispersion), it 
gives us, at least, an approximaiian to the dimensions 
of tllc grained stmeture> For the aversge length of a 
wave of visible light is somcwlierc about, let us say, tlie 
4.0,OOOtK or 5o,oootii part of an Inch. But the ^'rained 
slructarc is probably very mucli more miaute than the 
wave length. If it wei-e not so, dispersion would, on 
Cauch/s hypothesis, be enormously greater than wc 
find it. Again, we cannol suppose that it is much le«*i 
than somewhere about the lo.oooth part of the lengtli 
of a wave of light; that is, — m the course of one of these 
waves of light, which is only about tlie 40,000th part 
of an inch in length, there cannot be much more than 
10,000 alternations from brick to mortar, a:^ it were, 
and mortal" to brick again: — and, tlicrcforc, hy using 
the 10,000 and the 40.000 as factors, you may say 
that, in an inch, this hetcrc^cnclty, or the change, if 
you like to call it so, from a molecule to nothing, cannot 
occur much more frequently than somewhere about 
400,000,000 limes. 40o,ooo,coo in the inch, then, will 
be a first vay rough approximation to this heterogeneity 
or grained structure of matter 

The next which I lake up, although not the next 
in order of time, is perhaps the ncJd: in simplicity of 
explanation Uj that of C<Tuchy> Tt S* foimded upon 
what is called the electricity of contact of different 

I shall first, by the help of one of Thomson's electro- 
Qieter£, show you the fundamental experiment of this 
Subjecl. I do so, because the experiment is one which, 
altliough peifectly well known in the time of Volta, 
hoA been steadily disbelieved j^ince Volga's time, and 1$ 
■ow received aa true by a comparatively small rum- 

u 
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bcr only even <unong |:1i>'nic^ |jUi1o»oplicr% T1ii« b 
the electrometer, cnc of tho>e tnitnimcnts to whicll I 
oJIudcd in m>' of^cnin^ lecture ^ having been siippLcd 
in consequence of the pmctiCjU demands of the timc^ And 
as having rcactei) in the way uf enormously improving 
cur meaan of making physical invcst^atjofis. In order, 
first of all, to show that h is really act^cl upon by elec- 
tricity, suppose 1 take this zinc plate, which is sup- 
ported upon a glass stem, surrounded bdow by pieces 
cfptimice fnoUtened with strong sulphuric acid, and con- 
nected at prestcnt with the interior of the »ppar3tu& 
and touch it with sny handkerchief, you notice that the 
effect is to produce a defection of the index-spot of 
light, which is sufficient tci throw it oK tlie scale. We 
know, however, that an electrified body put in conUct 
with the ^rtjunj X^'ncs aU its frei^ electricity. And ycu 
sec now> tJiat a touch of mj' finger on the line plate dif 
charges its electricity, and the spot of light comca ba^ 
to Its original lero position. We sh;ill study aftcivaf^ 
what kind of electricity was there developed, Meat- 
while, ] take a copper plate, whicli I hold by mcanfOf 
a glass handle, touch it first to remove any free clc<tri- 
city it may have, touch this zinc again to remove any 
trace of electricity, and then bring the two into contact. 
1 take the copper plate from the ainc, and you notice 
tJie dedcctian of the spot of light to the tr^ft-h^nd «i^C 
of the £cro, I touch the copper, and apply i: agaj^ 
Taking it off, [ have a still greater deflection \ and I 
could go on doing this over and over again, and giving 
larger and larger quantities of electridly to the linc 
plate. This is obviously tlie oppojiiie kind of clectridty 
to that which I produced in the zinc by touching It tntb 
my handkerchief. However, wc shaU presetitly test 
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what kmd of clcctriclly it is. To show tliiit \hh is a 
^nuinc charge cf clocthcity, I touch tlic zinc^ and you 
ftcc the charge vanishes, and the electrometer reading b 
xero again. Let us vary the experiment, by putting 




tho xinc phte where tlie copper Avas, and tl:e copper 
where tlit- 7mvc was. This time wc die tu obacr^^ the 
electiificalion of the copper plate when it ha* come in 
contact with the £mc. 1 nuke the contact, and with- 
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rlraw it. and you notice now a dcflocdon 1o the right* 
Ijand side instead of to the left I perform it again 
touching the ^inc plate esvfy time I have vithdra^m lE 
from the copper, :ind you nottcc the steadily-increasi^^g 
dcflrctinn, W^ hnvc thus eKtahlUhcd, a^t far as phy:tical 
cxpcrimcrnt tan ci^tiiblUh anything, that when a iinc 
and copper plate arc brought into contact with one 
■iTiother, and then separated, the one \n, in the U'tual 
Janj^iage of the subject, charged with positive clcctricii)'. 
an<i the other with negative. To fbid out which h 
which, all that is necessary is lo taWc a stick of se^^ling- 
wax, which produces what is called rcwnous or negative 
electricity when rubbed with a piece of flannel. If this 
l>e the Game kind of electricity as that with which tti« 
copperplate remains charged, the effect of bringing the 
rubbed sealing-w^x neat tlie copper plate will be to re 
pel that electricity into the clecUomctcr, a:>d thcrtfoic 
of course, to increase the present dcilcction. On tbe 
other hand, if it should be the opposite kind of ete> 
triclty, the wax will attract Kome of it out of the ckctro- 
metcr, and so thr drviatiiin of the spot of light vill 
become Icaa. I rub the w.nx and present it. and >'c(i 
notice we liave a greater deflection ; therefore, copper 
ts reainously or nefjatively elcctriftcd when it comes in 
contact with ?4nc, and zinc is. of course, positively « 
vitrcously charged by the same nperalion. The large 
amount of the chaise, in this experiment, depccdcil 
upon the fact that the zinc and copper wcxc put in» 
metallic contact with one another over A lar^^e Juifacc '• 
but 1 could have produced the same result in anotli^i 
way, more [jertinent to my present m<|uiry. It wouW 
take up your time too much to exhibit U>e cfxpt-rinTcnt. 
but if, in place of putting the plates in direct surface 
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CDUtact. I had supported one a small distance above the 
otheri and brought 3 metallic wire from the one to the 
other, precisely the same effect would have been pro- 
duced. 

Now, to our application. When Iwo bodiea are elec- 
trified, one with positive and the other u'ith negative elec- 
tricity, they attract one another, Thereforcj the mere 
fact of putting theae metal plates in presence of one an- 
other, with 3 metallic wire, however thin, connecting 
theni, inltudLiccs tliis fcrrcc of altraetitHi between the two, 
altogether independent of the force of gravity — a. force 
of attraction due to the dissimilarity of the two metals. 
If they had been two plates of tlxe same kind of metal, 
there would have been no such effect. 

It was upon this cxptnnjcnt of Volta, which Sii 
William Ihomson, by the help of his electrometer, was 
enabled to put beyond all cavil, that he founded anotbei' 
of those estimates of the dimensions of the heterogene- 
ity of matter The reasoning was of this kind. There 
is a certahi amoanl of attraction between the j'mc and 
Ihc copper plates when tho" have been put into metallic 
contact, however thin be the plates and the wire which 
is connecting the two. If we can measure tile amount 
of electric attraction between the zinc and the copper 
plates, we shall be able to tell how inudi work would be 
done by this electric attraction if the line plate were 
allowed to come up to the copper plate. There is a 
certain force acting through a certain distance, and we 
can calculate how much work it would do. Suppose, 
then, that we take an enomjcus number of eicceed- 
iugtythin pUtes of zinc and exceedingly thin plates 
of copper^ and that we lay down first one plate of 
lifte, and then bring a plate of copper rear iti 
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but not toucKinf; it except by one comer, then ihcR 
vrotild be this dcctric nttraction between the two. AIJov 
tlic C0pf>cf plate to (M down upon the 7ire, and ihcrt 
would t>r a certain amount of wurli done Tht^o tlK 
upj)cr Nurfacc would be copper. Bring a new zinc pUlc 
and repeat the experiment, and io on, you would g<ti 
pile of fine and copper plaXct over one another. Voa 
cin calculate how much work would be done in euch a 
case, but it i* easy (o see that the quantity of work doe 
not depend upon the thidcnt;;^^ of the anc or coppa 
pUtes ; 50 thot make the pUtes a» thin 9a you pkw 
the quAntit>' of work doneby the pile o4' dncandcoppw 
plate*, which toother would riiie to the thicknui:^ or an 
inch, will be {{reater and (p'cacer as there are more plata 
in it; therefore, mike them tliif^ncr and thirnit-ff and 
more numerous in tlic same proportion. Voq trill 2^^ 
more and more work done by electrical forces on Ik 
same amount of mas«, and, bj* carrying the proceu &r 
enough, yon would reach an amount of uork suffldertr 
if in ihc form of heat, to melt the nhole of the lirc acd 
the copper. Now comes the application, li is obviouf 
from the reasoning I ha\'e just given that when Kine am! 
copper arc put tc^eCher in fine po;vdcr, ic n^ould be pw* 
sible, provided there were no limit to their division. (0 
make the poi;tx]crs so fine that they would take fire, ff 
at least mcll, on being mixed Now wc know by ex- 
periment the amount of heal which is gcncraied nhefl 
copper and arinc are mixed intimately in the formation 
of tht-ir alloy— bia^s^-so thst wc can c^lcul^re how fnc 
must be tlicir physical particles to account for ihcir giv- 
ing no more than the heat which is actually observed on 
their thus coming together That calculation depend* en 
a great many things, of which wc have as )*ct no |jred>c 
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mffitsurt^ment, si> that shcIi numbersaswcr can give must 
be only approximate, but still weilo not expect Lliattlicy 
arc wrong by anything Hkc 30 or 40 per cent., and that 
is quite near enough for a first approximation to a ques- 
tion of this Jifiicuky, II appears that if tlie thick- 
ness of the zinc and copper plates- was aboijt the 
700,000, oooth ofan hich only, there would be an amount 
of heat produced, by piling them together altcniately, 
which would more than correspond to the quantity of 
heal which is produced by their chemical action when 
they ar^ melted togetJier Therefore we see, from this 
way of treating the subject, that the /O0,ooo»oooth part 
of an inch is considerably under the thickness to which 
you can reduce— if you could do it — a plate of zmc or 
a plate of copper, without making it cea<ae to be ainc or 
copper A'i we know and handle them. That is, in thesc^ 
metals the grained structure isof dimensions considerably 
exceeding a 700,ooo.GOOth part of an inch. That, you 
BCe, agrees perfectly well witli the 400,000,000th which 
W€ got from the other method, depending on Cauch/s 
work. But there are two other methods of making the 
approximation, which 1 shall coiitjaat aud compaic with 
this one in my next lecture. 



LECTURE XIII. 

STRUCTURE OF MATTER. 

Approximation to dimeDslons of grained structure from capQlaiy phenonuna 
— from propcTtia of ^Ht Malbcmatical <»nKqucD«s of ihe suppoa- 
tion that a gas consists of constantly impinging partic^ES — Caseuas Dt^- 
fiion. Results of Maxwell's invesligatioos- PhTSical Teasoa of DisaipatioQ 
—Andrews' results as to the continuity of (he Uquid and gaKOtu Aaies of 
TDBiicr. ConduslOQ, 

You will remember that in my last lecture I gave 
you in detail two of the methods by which Sir William 
Thomson approximated to the dimensions of the grained 
structure of matter. It remains, then, in commencing 
my present lecture, that I should briefly explain his 
other two methods. 

You will remember that the first method was founded 
upon the dispersion of white light, or the separation of 
its various component colours by means of a prism. 
The second method was founded upon considerations 
of the amount of heat which would be generated by 
electrical action between particles of different materials 
when they were combined together. 

The third method is founded upon the forces em- 
ployed in drawing out a film of liquid,^n fact (to take 
the simplest case), in blowing a soap bubble. When 
we consider that the soap film requires work to be done 
upon it in order to enlarge it, — that is^ to enlai^e its 
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surface, — and when also we consider that if we leave a 
portion of it open to the alr^ the contractile force of 
the film itself lends to make it shrink to smaller and 
Amallcr dimensions, and thus gradually to espel tlic 
contained air, we sec that the film itself behaves to a 
certain extent like an eLislic membrane, which requires 
work to be spent upon it in order to stretch it But, 
IjnKt as a g£is h'AS wo <«u[]eTior limit to its i:xpan5ion, a 
soap'fihn has no inferior limit to its corftraclioru 

Now it is a perfectly easy matter, if ve k-ncw the 
Jtwsion of the film, to calculate what amount of W( 
must be done in order to expand it from -^ny given 
superficial are^ lo ;iny olher given area; and by mea- 
suring the height to which tlie soapy water rises in a 
capillary lube of given hore. we can calculate what is 
the amount of surface-tension of the liquid. This is 
only one half of the iimount of tension of a soap-film j 
for you mu*^t recollect that, ihin as it \%, it has /Ttwten*ile 
isiirfaces witli a layer of water between tJiem. Htnce, 
by experiments upon a capillary tube, wc can tell what 
is this amount; of siirface- tens ion per linear inch, Then 
we can calculate from that what amount of work would 
be required to pull out a single drop of water until it 
Wiis made into a film of any given thickness. The 
nmount of work is, in fact, numerically the product of 
the tension per linear ineh into the area of the surface, 

Now it is found (in accordance with the fact that the 
surface-tension of water diminlahfs as tlie temperature 
ri&os) that in pulling out such a film, makmg it thinner 
and thinner, or spending work upon it against ita mole- 
cular forces, it must become colder and colder, and tlial 
ft would require a constant supply of heat in order to 
keep it at the temperature of the air. You will see tlicn 
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thai there we haw data from whicti it woald be ponibit 
lo dlcutaie Itovi much wori: would bo roquirrd to pull 
nut 4 <]n>p of water into a film or a gKcn tlitckooa, 
keeping it always at a coiutant tcmpcmtufc 

This caJcvlataOD hA3 been ma4c in terms of the thkk- 
n«s of tbefibn, and it appcan that if you pull it out 
to a thkVncss of the $oopao^oooth parr of an inci 
(bupprang tliat could be done), you would rccjuere let 
spend upon It, bc3»dc3 the amount of work miuiMte lo 
overcome the moleeular forces, about one half a.i much 
eneffE>* In addition, In tlie form of beac^ in order to keep 
its temperaiurc from sinking ; so that on Uie whol^ ifl- 
cludmj; tlie bc^l nUich had tu he cumitiunicitrd In iL 
t}rc quantLly of work spent upon it in the opcratittt 
would be such that if U had all been applied to the dicp 
of water in the form of heat, it li'ould have been capable 
of raiding It to a temperature of som^M-hereover I toO^C 
Nuw, t)i[« aitiouiU uf he4t nx^uld of courKc wholly i"ola* 
tiliic the water in an in^UanL It is therefore perfccttr 
iiicoflccivabiG that a ^Im of water can be drawn out to 
such an excessive tli:nne£5 without very great reduction 
of the molecular tension. Kut if the molecular tcsiroC 
is rcdue^, obviously we are coming to a state fn which 
there ace but a few molecules of partklcs in the thid* 
nc^ of the film, because as long ad the film contains o 
grr.it number of particles in its thickness, tlkc whole 
ten.'^ion of the film will remain sensibly unaltered. 

Thus the only u-ay of nsconclKng these two ino»* 
sistent tilings i* by supposing Ihat wc have cnred in 
asauming that, when we have made ihc film very ibit. 
there still remams the original amount of molceuiir 
tension in it. Hence a film drawn out, if it were possibk 
to draw it, to anything like the lOO^OOOkOOOtil 
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ar inch in thickness, cannot contain more than a very 

few particles of waiter m lis tliickness- 

Thcn finEilly tliei'c corner the fourth aigiiment. which 
is founded upon the bdmviour of gnscs, I shall slate 
the results just now, bccauat? I intend to devote the rest 
of tny lecture this morning, or at least a great part of 
the rest of my lecture, to the con?«tderation of tlie iriuliun 
of the mokcLiles of gases. The result then that hai 
been arrived at by several inquirers considering thi* 
molecular motion of gases is, th^t the average di!5lance 
betttneen the several particles of a gas at the ordinaTy 
temperature ard pre^5ure of the air must be some- 
thing between tJic 6,ooo,oooth part of an int:h and the 
lOOOO.OOOth part of an inch. This points (by a method 
which 1 shall presently indicate) to something rather 
greater than the 500,000,000th of an inch as the effective 
site of the particles. 

Thus yoti see ihal ;ill these various approximate 
estimates, diiTcHM^ no doubt considerably In the num- 
bers which we obtain from them, atiU consblcnlly point 
to somctliing not vary largely differing from the 
500,000.000th part of an Inch as being the distance 
between The successive particles of matter in a liquid, 
or as being the measure of what I called In a former 
lecture tlie coarscgrainedness of ^vhat appears lo our 
eyes, and even to our most powerful microscopcsj to he 
absolutely uniform matter. 

We have now got a notion of the dimensions of thU 
coarac-grainedress, and it is possible also, by the pro- 
perties of moving molecules constituting a gas, to find 
approximately the siaescf the individual molecules — not 
merely how far they are from one anoiber, btit bow 
largL- IS each particular mulccule in comparison with 



the average disuncc between any tu-o of thcni. Tits, 
ajt ! shjtll i>rc*cnit}' pxpUin. mzy he cAkuUtc<J from 
!hL' tliajr>- of inip^cl of cla^ic panicles, or uf p^riick^ 
rcpdlmi; one arothcr according to a high invcnc poircf 
of Ihcir mutual distance. 

I shaill put Ot€ result, pcrhap«, in ihc most sifliplt 
form by describing briefly ihc naCun? of the modbn, 
E^di pArticlc describes a fltraigbt path with uruform 
vcloci:>', but after going a ccrtjiin distance it alHkcs an* 
other ; then >t gCKs o^ in a new direction, and afttf 
some dme it strikes a third, and so on. But there is id 
average distance which it will pass throiigh brtu'wt 
cvciy t^vo 5iicccsfivc coUisionn, How, if iac c^IJ thai 
the mean free path, then the 1enK:th o( thlrt mean free 
piath, diviced by the diameter of any on« particle^ ha 
been shown by tlicory to be equal to the ratio of tbt 
whole 3(pace occupkil by the (urlicIeK try ;ihQi]T aglil 
and a h-tirtimcH the bulk of the whole particles' 

Now» looking at tht^ which is a mathematical rcAill 
founded upon Che suppcisition tint the particles of a f^ 
are little hard bodies constantly impinging upcn our 
iiiiotlicr, you lAill %tc that if we can grE any mode o[ 
Oftiinating what b iJie avcra^'c di^taitcc which one cf 
them srmst travel before it comes in contact with an^ 
other, we £hall know one of the quantities in the abort 
proponioA. 

W(- ii]Mj knovr another, the wliole space occupied^ 
and the whole bulk of the particles will depend upon 
their number and tlicir diameters. Thc*c may be ftp- 
proximated Co by eupposin^^ that in the liquid state tite 

^ CsuHJUt; Kiye 8t n>«uji)inu tfiai til tiv pu'ilcTei hove t)ic SAme ^^ 
dt/> but Muwdl^ lakLng livoiinr oT ifw bwaf ritttjilmtion ofv^odrlo 
■rauiiE Ote pEtrdclu, ^ra '/j^ wliicL U nnrlr £"5' 
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particles are nearly in contact. Thus an equation can 
be formed, b/ which the diameter of a particle is given 

in terms of quantities which are all, at least approxi- 
mately, kiKiwn. 

Thiscalculationhas actually been m^clc^andthe re^^ult 
19 that the effective diameter of a particle must be some- 
thing certainly not very different from one sgo.ooo.ocxjth 
part of an incli^ 

Tlienj of courst^f knowing the diameter of a particle, 
and the averag^e distance between two contiguous paT- 
ticlcs, wc can calculate hoiv many particlca there are in 
a cubic inch of any gas at the ordinary temperature 
and pressiire. 

Tlius we can assert from measuremetit antl calcula- 
tion that the niimbcr of particles in a cubic inch of air 
in the ordinary slate of the atmosphere is represented 
by a number which is approximately about 3 X iO"» 
This number might have been written a3 3 with 20 
cyphers after it. 

[It is a very much improved method of writing large 
niimbers {when we cannot tell whiC are the figures in all 
the various places) simply to indicate the two or three 
niOBt important figures of the number, and then to fill up 
with powers of lO. There h no use doinj; it in millions, 
bilUons, or anything of that sort: -tn fact, billions, etc., 
have at least two quite distinct meanings with various 
sects of arithmeticians ; so we simply take the first two 
or three places of figures of a niinibcr, and indicate /nf^ 

^tnatty plai€S there arc: a far more excellent way-] 
I3e this as it may, J multiplied 30 timca over by ten 
expresses a number not greatly falling fibort of the 
number of particles In a cnbic inch of a gas at the 
ordinary temperatLie and pressure 
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Now, you can ace bow it was that various acicntiic 
men n'cre kd to the conclusion srhlch 1 mentioned in 
my lir£t lecture as to the compariaoa bctv.'cen the octuil 
size of ihe coarsc-gTuincdncss in a drop of water ;in<i tJse 
sire od* the drop JlMrlf. 

Ifa drop of wfttcr b |th of sn inch In diameter, and 
if thodc numbers 1 have just givcD rc|>reacnt the dia- 
nuterG of its individual panic1t£. or its gained stntdure. 
what b th« site of a body which bears to the whole 
catlli the same raiko as one of those partlde^i to thii 
dix^ of vratcr. Tlic answer is that it must be something 
between about the sixe of a cherry or snaall i>[u[n aod 
the si^e of a cricket-ball. Take oft the ^iverage a powJ- 
sizeti plum or a fimall oraoge, then you get from that 
the approximation that as the large plum i^ to tlic 
whole earth, so is this coarse-grained particle tu the 
drop of water ; so that if we could magnify a drop of 
water to the apparent size of the whole cartb as seen 
from Ihc distance at which a single plum la just visibfc, 
wc Could just sec \Xi grained jiUucturc 

Now, what I have just said has led me to antidpetc 
a little as to the molecular titructtirc of gu^s., \Vc ha^^ 
absolute prouf that gose^ consist of particJcs of iii;i''tT 
which nr« perfectly free and detached from one another, 
and vrliicli arc cmnMantly fiying £ibt:>ut in all dircctiooi. 
Tile best and shnplcat proof that wc have of thi« fa 
obtAiued by con^idenng the process of mixture of one 
ip.& with another, — the way in whlcJi one gaK difTttKS 
through another; as, for instance, when any volaiik 
substance in the form of vapuur or ga^ ia allowed U 
escape into a room, wc tind that it ffradually ouxiCS 
itself thoroughly witli the air of the tx>ocn. This diffu- 
SLon t^kes place e\'cn if currents of air are prev'entcd. 
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so that at last lliere is almost uniform distribution of 
such a gas or vapouf throughout the wlioU of any mass 
of air however t;rcat. 

But, by means of a simple but extremely boantiful 
experiment, due to Dr, Graham, the late Master of the 
MiTit, I c:^n show in a most striking way tht nnohi]|ty 
and pcifcct independence (as it were) of the various p^ir- 
ticlca of the same and of dfiferent gases> The appa- 
ratiisconsifitsof agJasE tube, with a hollow ball of porous 
eartherwaTe at its upper end, an arrangement vGty like 
an ordinary aJr thermometer, only Uwt the bulb is not 
of glass but of porous clay. At present [showing] the 
whole apparatus is full of air, and there is air outside. 
Vou will notice that the open lower end being dipped 
under the surface of water, coloured for greater dis-* 
tinctness, the water ^itfinds as nearly as may be ai tht; 
same level inside and outside, the reason of this of 
course being that there is precisely the same pressure 
in tlie j:^ inside as there is in the atmosphere outside- 
Now what is really going on here— what is keeping up 
this constant equality of pressure inside and outside ? It 
ts this : there is a constant stream of particles of air 
entering by all the pores of thia porous cJay, and a 
corresponding stream of partieles of air coming out 
through them- We cannot, of course, mark individual 
particles of air, even could we aec thcm^ nor h;ive we 
any test by which wc could rcco^ni^e a group of them. 
But to test the process which wjist be going on here, 
let us make a material difference between what is out- 
side and what is inside the porous ball Let us place 
this bulb with its air iusidc in an atmosphere of ordi- 
nary coal gas> 
I shall easily obtain a quantity of coal gas bydia- 
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placement in thi> bcikcr. [ShowA.] T find tli^t the gasif 
aovr cKapir^ from bcncnth it so that [ know the bcakcf 
is full. NowwaUb the cited yh^ mon^ent thit I surround 
this porctis vetfcL containing air with the atmosphfft 
of coa! ]^4?i r^you st-e tficf bubblinjj which commciKCI 




through the liquid almost instantaneous!/. Gi 
(quantities of gas are escaptrg from the l^uid ai)d frois 
the opcji-niGUthcd bell. Next^ if I remove the atmo- 
fpbcrc of coal gas, you see alnioil instantly a rise of 
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the liqui(i ir the lube, so that the pressure in ih^ insido 
has become at once notably less ihati the pre?isure out- 
ftMc. This process will go ox\ for j. con^idcraWe time 
until wc get as nearly as may be the restoration of 
ccjiiilibrium between the outside and in5Jdc pressures ; 
but not to waste time over the experiment, although 
it ia an extremely striding one, 1 shall simply^ having a 
quantity of tlie coal gas still left in tlie Ijeal^er, put this 
atmosphcrt; of coal gas once more outside the bulb- 
There I notice the instant increase of pressure in- 
side ; the coloured liquid falls at once in the stem. 
The moment I remove the beater, there is an instan- 
tanf^ous diminution of pressure, and the coloured liquid 
rises. 

This effect can be repeated aa oftca aa wc choose, 
by simply putting on and withdrawing the vessel with 
the coal gas. Now it is perfectly obvious that the 
explanation of this expcrliiient Is due to the fact tliiit 
something gets in, in excess of what goes out, when I 
place the vessel full of coal gas outside the ball. There 
is then at once a great escape— a great out rush of 
^as from the lower end of the tube, and that could only 
lake place btrcaiisc of an increase of pressure ; that is, 
aji increase in the quanlity of gas inside this vessel In 
other words, the coal gas must be diffusing in through 
the porous clay at a greater rate than the air is diffus- 
ing out through it ; and at how great a rate you can 
easily see, since the quantity which comes In through 
tbat comparaltvcty small surface is sufficient to give us 
a rapid succession of large bubbles of g^Ls px^sing out 
below. And yoa will remember here that Et is only a 
diffcritilial eJTect that we are ohseivint^, because cua! 
[as LS constantly going in, but air is as constantly going 
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out ; so that wliat w« observe Is mcrcl/ the excesstff 
\he Amount of coal gas going in over thai of the air 
gujng out. 

You can easily undcnUnd that xncthoda can be <le- 
viscd for tbc purpose of nic;k«umg precisely the relative 
rates at which gaxeK go In and comcf out through such 
a porouN !tub:rtAnc& 

This is pcrhjip» one of the moat ."itrlking iIIa5tr4tion3 
we CAR five of the ^rt^t rate at which the partidc3 of a 
goi mu«i eonttantly be moving. It h also a complete 
demonstration of ihdr compannive fretrtiom from ont 
another, rxccpt at instanUt when tlicy cti^nc »g3m«t 
each otlicr in their motJona. 

Now, the notion that the p^irticlcs of a gw are in 
rapid motion, and that it \% by tliclr (mpactit chat gaxs 
press on other bixlies, is a very olJ one. It wa*£ pobted 
out not long after Newton s time by D. Bernoulli; it 
vas afterwards revived in this country by Herapitb; 
but it is to Joule that we owe the first precise hiKliagf 
on the subject. Joule made a c^lculatior; as to what 
must be the vcliKtity with which the particles of certain 
particular ga:^cs must move m order that, with the 
known mass of the gaseous contents of a vessel* th« 
observed Interior pressure on the vessel may be ac- 
counted for. 

If we take a vessel containing a cubic fofit and fill it 
witli hyJrogcn gas at the ordinary pressure and tempera^ 
turc, the gas produce!!, by the constantly repeated impact* 
of its particles upon the walls of the vessel, a cert^< 
definite [jrussiirc which amounts to thr ordinary tiiro- 
metric^] pressure of 15 Iba. on the square inch- Now. 
wc know what mass of hydrogen there is in the vcs«i 
At what rate then must this nun, or rather hait5to«Bii 
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erf" particles be going on inside the vessel in ordr^ that 
these almo3t innuixtcrable impacts may, when tatted up 
for a definite time, amount to tlijs definite observed 
pressure * That is a question, of course, of purely 
JjTiamical reasoning, and tlie result, as deduced by 
Joule, is certainly a very striking one. He arrived at this 
result, an absolutely certain result from his dat^, that 
the velocity of the panicles of hydrogen must be 
about 6055 '^^ P^^ second at o'' C. Of course you can 
see at once that this is a velocity far higher than that 
of a cannon ball, or than tliat of any projectile wlilch 
we can conveniently discharge ; but in spite of the enor- 
mous velocity with which each individual particle of 
hydrogen \s moving, there is such an enormous number 
of particles £]f hydrogen in a single cubic inch of space 
that no one particle can ever find anything Hkc a free 
path from one side of a cubic inch of space to the other. 
It is certain to be met over and over again in its course 
by others. 

No*', the number of such collisions which take place 
during a single second can be calculated from the rate 
at wliich one gaB dilluses iato another. If we take a 
vessel consisting of two large receivers full of gas, with 
a lube of known Itrngth and known diameter connecting 
them, and [opening a stop-cock in that tubcj allow the 
two gases giadualiy to interpenetrate one another, wc 
can, at the end of a measured time, close the stop-cock, 
and by a chemical proce*5 analyse the contents of each 
of the two vessels. Thus wedetemiinehowmuch of the 
one gas has passed into the other in a given time. Wc 
C«n repeat the experiment and allow it to go on for a 
dtflferent time, and so form a table of experimental 
results as to the rate of diffusion of one gas into anctlier 
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ftccordtfglo the time nblch haa elapsed amccthctm 
were put into contact «nth one another. From »och a 
table wc car, hy m;ithriratic^l calculation, detertnine 
bow far on ^n average any one pactkle of thcr onega*i 
penetrates* in amon^ the partlclca of the other p*i 
bd'ore (ufTcfing a eoIli«ion. 

Each particle advancefi a Httle u^y and then ts drivai 
a«tc1e or IkicIc, another get( porvdhly a Ifttlc farthCT, ariit 
ao on; but the avcrag^c penetration can be cakulitcd 
from the rale at which the fases are found to mix with 
one another, anJ therefore wc can IcU what if Ifce 
aver:i({e distance which a particle mov<cs through bctweec 
two successive colluions. 

By applying calci:Intion5 similar to tlioae of Joalt 
but considerably extended by ihc ubc of more powerful 
mathematical methods, snch as the methods of the 
theory of probabilities, ClaiTsiti^ firti, and, a little Ittxr, 
but f^r more profoundly. Clerk- Maxwell, and ntill iiiofc 
recently BoUimann, have arrived at very valuabk «■ 
stilts as to the motion of swarms of tmping^ing parlieks^ 
One of the results arrived at U that !n a mass of hydro- 
gen at ordinary tcmpc-ratiire and pa-ssurc, rvcrypartidc 
has on an avcra^ 17,700,000,000 collLnions per second 
with other particles, that i5 to say 17700000,000 tines 
in eveiy second it has its course wholly changed- And 
yet the particles are moving at a rate of ^omethisg hliC 
70 miles per nimute. So comes this cuticjun |»rohlein— 
given that the direction of motion of a particle isarbi' 
trarily changed 17.700,000,000 tines in e\'cry second. 
and that the particle itsdf is mox-ing 70 mile* la a 
minute, where would it be at the end nf a single notnut^ 
having started from any given placed In air the number 
of collbrons for each particle is only about half aagTO' 
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as, and the average velocity only about onc^fourth o^ 
tliat in hydrogen. 

You cad see then to what exceedingly small quan- 
tities, or rather to what enormous numbers, because 
it is large numbers and not small quantities that wc 
arc really deaL'iig witl], such a cjucslion as this leads. 
I have alrciidy told you that in true physical science 
great and small are mere relative terms, ^o fdr as siKC 
or duration is concerned ; but avemges, such as we 
are now dealing with, are of no valut except when the 
number of Tndividadl cases is very laige. 

Thc solution obtained is capable, as has been recently 
shown, of explaining atmost everything that we know 
with reference to the behaviour of gase^^and perha]>s 
even of vapours. 

As the direct results of Maxwell's investigation arc 
very important, I nx^y just point out the three which 
aie ofm^jst importance. The 5r£t is this^ that if you 
have a mixture of particles of different kinds, as you 
haVL- for iTTstancL' in aJr, particles of oxygen and nitrogen 
mixed with one another, ihen afler tliey have gone pn 
impinging on one another for a sufficient time to have 
attained the average state from which they will never 
afterwards much diverge, this Avill be the result — the 
average energy of motion of each panicle is the same 
for eiich Tcind of gas ; so that if one of these particle* 
bclongj^ to a light gas. that Is to s^y, a gas whose 
particles arc lighter or less massive than thost^ c^f the 
other, then those which are less massive will, on the 
average, btf moving with greater velocity; so that the 
energy of the motion of one particle of either gas is tin- 
same on the average as the energy of motion of one 
particle of the other gas, That is a result which can be 
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obuincd punrly by ordinary mathcmjitics of intEWCt of 
clastic spheres, generalised so as to apply ^^ >n ^ st^tb- 
ticfll way to n great swarm of *jch spheres instead of 
a finite number. For the purpose of applying it b/i 
st3ttdical proe«« to groups, Tt is ncca^f^ftry, rn addiHot 
totbe ordiQAry methods of matbematical problem; lo 
Ukc into consideration the theory of probabQhMS. 
llius wc arc led to classify the particlca into groupa 
each group consisting of iho particles whoM velocity 
Ii« between giver limttt The vt^lccitie* of these ^ups 
range from zero to infinit>\ but the number belonging 
to such extreme groups ls small compared with the 
number in the groupa whose velocity is nearer to tfcit 
which correfpondx with the average encrgj'. This 
Average energy is t)it: ^me in the two gases which an; 
mixed- 
Then, the 3ccon<! result which also follows Irom the 
theory of d^stie particles impinging on one another e 
tliis, that if you have, as in the ease of the air» oxygen 
and niirogen mixed in :my pmpf>rtion whatcvav the 
ultimate ^tatc of dislributiciu nhich they will assuni^ 
sftcr being: mixed and having been left long cnou^ to 
get to a nearly permanent state* is the same as if each 
gas, independently of the other, hiid distributed itfldf 
according to its own law of pressure and density in i 
vertical column. The oxygen and nitrogen of the air— 
flo far^ at all events, as gravity is concerned — arc free to 
dbtributc themselves according to this law of mixture 
from the surface of the earth upwards; and, therefore; 
;n whatever proportion you find them in a cubic iQch 
nciir the surrace of the earth, you would find (were it 
not for winds, ctc.» whicli tend to mix them) rather 
more Nitrogen and less Oxygen the higher you a5Ct;nd 
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Then another result bears upon the temperature of a 
vertical column of gas. Of course any particles which 
may be warmer than others, muat be moving faster, 
bi^cstise the temperature of a ga^ depen<is upon the rate 
at which Its particles are moving. Now, Maxwell has 
shown that ^avlty has no tendency to make tlie quicker- 
movinf^ particles go into any particular position, and the 
alower-moving ones into any particuJar position. In 
other words, an external force, such as gravity, does 
not ttnd lo makt the lowtr end of a cohmm cf ga^ imy 
hotter than the upper part, or the upper part any hotter 
than the lower part. If you, for a moment, interfere 
with a state of things which lias become nearly steady, 
or has arrived nearly at the average, as, for instance, by 
applying heat, thtrn for a moment you make a portion 
of the gas physically lighter Uian another portion* and 
thereof course, gravity comes in, and the physically 
lighter part— bulk for bulk— ascends to the top of the 
column ; but, if you leave the thing to itself, gravity 
has no tendency wliattver to bring fitber the quicker- 
moving; panicles — that is, the warmer unes, or the 
slower-moving particles— that is, the colder ones — lower 
down or higher up ; but, whcOier j^ravity acted or not, 
there will be the same average ratio of quick-moving 
particles to slow-moving particle* In every cubic inch 
throughout the space- 
There is another extremely important point of this 
statistical question as to the particles of gases which 
I must carefully explain ; aiid it is thU, how it happens 
that in tlie enormous bulk of the whole atmosphere of 
tlii^ earth these particles of oxygen and nitrogen, mov- 
ing about amongat one another, should not by chance, at 
some place or other, operate on one another in such a way 
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that in oofDc partkulAr cubic inch the particlta of dtiD- 
Sea sta^ki fof a moment expel from it all the panidtt 
of oxygen, 40 that in virtue of the great extent oftbe 
enrth's atmosphere, compared with the sjie of a partkk 
of gai^ then? mijjht be, at some cleltnite initsn^ a region 
filled maioly with nitrogen, and other ic^ions filled 
mjunly wkb ox>^cd- Xovr the t>caut>' d this statistical 
method is that it explains to us bow ^ch an cvcitt, 
though perfectly possible, can never occur. It is a thing 
which tfl in itttelf abtoliitely poBible, but ft never can 
occnr in practice, bcciiuic the prubability of its occur-* 
rencc la so exceedingly :fmnlL There u a pfx>bability 
(numerically me;u(urablej for everything which is po^ 
^bic, but if tliat probability {reckoned in numt>cr0 h 
as 5m^ 3c± \a the probability of tlkc accident we are 
considering, we never expect to iincl it occur. And not 
only do lYe never expect to find it at any tinK, l>ut wc 
can ftay boldly from expenenee that it is never met 
with at all, however long our obscn^aUotu are coO' 
ductetl, or through howL'vt-r great an i-'xrent of space 
we conduct thcia If you lud origlii4.lly in a box 
divided into two equal parts, nitrct^cn in the one put 
and oxy{:cn in the otbcr, and then allowed than 
to mix with one another^ the probability that in any 
As?;igned time yo\i would find all the nitrogen bad: 
again in the space where it was oti^inally, otkI all die 
ox)^cn back again in the space where it ^^-a* origiruUx, 
is certainly one which can be measured, but it is one 
which is so infinitesimally small that wx: know perfectly 
by excellence that it never can be realised. ThereaMiv 
lies simply in the fact that there is sacb an cnunnoiu 
number of particles in every cubic indL If there wcit 
Only one or t^i-o particles of ritrogeu ard ox>'geii ill 
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each cubic incli of the atmosphere of this room, then it 
would be a thing not only rtalisable, but actually 
realised over and uver again in the course uf a single 
afternoon, that (suppose wc could see these particlc3) 
we should every now and then aee a space of a cubic 
Inch, or it might be even of a cubic foot, occupied (for a 
filOgle moment) wholly by particles of oxygen or hy 
particles of nitrogcLi. It would be a different cubic foot 
or a difi^crcnt cubic inch the next instant, but still such 
spaces free from oxygen or free from nitrogen would be 
constantly occurring simpty because there is a small 
number nf particles in comparJson with the whole space 
in which yoj arc experimenting. But when you come 
to consider this number i x 10'** in every cubic inch* 
then you begin to see how it is that the number of par- 
ticles is so enormously great, that if there xvere al asiy 
time the possibility of a small portion of space cunlaln- 
ing particles of oxygen only, or particles of nitrogen 
only, it could have a realisable probability in the case 
of £0 exceedingly small a fraction of a cubic inch 
only, that it would not be worth speaking of. You 
eould not observe It. No doubt St ;loe:« occur, but In 
an exceedingly sruall fraction, kss than the millionth of 
the millionth of the millionth of a cubic inch. There 
TCiZy occur «ven in this room such portions wholly 
occupied by particles of nitrogen or by particles of 
oxygen for a moment, but only for a moment, in the sense 
of some milliontli of a millionth of a second, but any- 
thing more than that could never present a reasonable 
probability ; and the reason of tliis depends simply upon 
the ennnnous number of particles which you have to 
deal with: for, the greater the number of independent 
movements the greater is the probability of their con- 
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forming nearer and nearer to the srcrage distribution of 
amountx of vclodly <l3 well hVi to the uvcx^c diHtrihiiticn 
of kinds uf particles. 

The only other point that I have time to take up b 
the consideration of certain mo*t rcmaHcahIc experi- 
ments which have 1>t;cn m^dc n:ccnt1y by Dr, Andrews 
in extension of others m^c long ago by Foroiday, and 
by C^niard de La Tour, with referacee to the connee- 
tion between the gaseous and liquid states cf matter. 
We have just seen how the gaaeous state is complL'tcIy, 
oc almost completely, accounted for by tlic suppoattioa 
of iadependcnt particles which arc absolutely free from 
one another except »t the in»tant« when they impED|^ 
upon one another, Liquids possess the property of 
difTiuiRg among une another just as gases do, only Uie 
rate of diffusion of h'quida is exceedingly small oooi- 
pared with the rate of didfusion of giiscs, and therefore 
we conceive that the liquid state may be represented hy 
a set of []articl4rs which are free from one another to a 
certain extent* but [:ot nearly sc mucU free from one 
another a3 tlicy arc in tlic gaseous state ; so that the 
panicles of a liquid arc so much nearer together bi 
comparison with their dtameiers, tlut the av*eragedt^ 
tance tliiough which a particle of liquid can travel txffare 
it comes into collision with another is exceedingly small, 
compared with the same path in the case of a gas. 
Therefore tn a liquid we see 'why the difTusion is slower, 
because a particle can only go a much shorter way bc- 
foie it has its direction of motion completely changed 
by impact upon another. Now, Andrew's has shciwn 
by experiment that it ia possible to pass continuously 
— thai is lt> say. u-ithout any apparent optical chai^^c — 
from a body which ts obviously in a gaseous state to the 
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same body obviously m a liquid statc,and That is certainly 
one of Uie most remarkable experimental i!i?icovtric^ 
of modern timc£. Part of llic phenomena had been 
obtained, but no complete experimental examination of 
them, by Cagniard dela Tour, many years ago- He had 
shown that if you take a quantity of ordinary ether in a 
strong glass tube, so as to fill ;ibout unc-half ihe tube, 
leaving nothing but vapour of ether above it, and, seal- 
ing it up, apply heat to it, yoti may convert the whole 
liquid into vapour, so that the liquid coulents wholly 
dfeappear; and this at a very moderattf elevation of 
temperature. Cagnlard de la Tour inferred from thesi; 
experiments that sulphuric ether may be reduced com- 
pletely to vapour by the combined action of heat and 
pressure in a volume a little more than double that of 
the liquid. Tlie true explanation was first given by 
Andrews, who showed from his experiments on carbonic 
acid that when the liquid disappears as the tube ia heated, 
some state of matter is produced which is certainly not 
liquid and certainly not ordinary vapour Cagniard de 
la Tour performed the same experiment wilh water^ but 
he found that for water it required so much stronger 
tubes and so much higher a temperature thnt, partly 
from the danger of explosions, and partly from the fact 
that water so heated attacked the glaf^s chemically, it 
Wits next to impassible to make the experiment wilh 
precision. 

Andrews examined the subject in anotllcr way by 
actually compressing different (fa^cs, keeping them all 
the time at a dtfinile temperature, and noting the 
relation between vulumc and pressure ; then raising 
them to a little higher temperature, keeping them 
steadily at that temperature, and going through the 
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nine 0]>crAtjon, and so on. Id that way he was cd* 
abled, by direct experiments of tht moist beautiful kmd, 
to by dovi-n Utblcs or chartft which represented the 
rvUlkin bctvrcm imnvsiirr ^ncl v<^1umc of thttsc- ga-v-s Ibr 
any sets of temperatures between the limit* throu^ 
vhidi he oould experiment The rtwit of his irKiuirks 
may be eiAily seen if I roughly tritce an approxunatioa 
to some cf his diagnms. 

From what [ loI<i you of Watt's Di;<gT;im gf Energy 
in a former lecture [anit^ p, loS], iind from whrtt I have 
just saidi, you will see that Andrews mndc a detailed 
study of the iin^j cj cqt*ai /^vt/rrafure for all the 5ub- 
ctojiccs he cxperimenied oa His nrat results were 
obtained from caibonk aciil gas. ^nd to th«in I »lull 
rocur;— but for ca^e of explanation, suppose wc oocn- 
nicnce with vapour of water. 

Take a cylinder containing a small qit3nttt>* of super- 
heated vapour of water si any tcmpcraliire, and gradu* 
ally compress it, hccpiiig it at the same temperalurtf 
let us say. for instance, the temperature of botliag 
water. ^\j wc gi-^duaUy comprcsiHthe volume dimiD- 
ishcs and the pressure rises, the steam or vapour of 
water bL-cutnes more and mure ne;irly saturatc^d stcatn, 
until wc come to a certain bulk which corrcjjjonds with 
its being all in the form of satLirated steam. Then if 
we compress ever no htttc more, tahing care to keep the 
temperalufc the same as tjefore, we know what takes 
place: — the pressure does noi alter, bui some of the 
vapour is depcsitcd in the fonn of inatcr, and ao wc go 
on compressing witltout altering the pressure, but liqiu- 
fying more and more of the contenU, until wc find the 
whole of the contents liquid. Then, still Creeping the 
same temperature by proper appliances, wc go on con>* 
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pressing ; but we now find a very great difficulty in 
compressing any further, because we have liquid water 
to deal with, which now fills the whole of the lower 
part of our cylinder. The curve will now show very 
large increments of pressure for very small decrements 
of volume. Its course is PQRS in the diagram. 

Irt the steam the pressure is small, -while the bulk is 
lai^e. It increases as we gradually compress, until we 
come to the perfectly definite pressure at which at the 
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given temperature water begins to form. Then, however 
much more we may compress up to a certain limit, the 
pressure does not alter, so that our curve then runs 
along parallel to the horizontal line, and it does so 
until all the steam is converted into water ; and then by 
further application of pressure we compress the water ; 
— but exceedingly little — so that in reality our curve is 
almost a straight line running vertically upwards. 
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Tlut is the case for a temperature corresponding to 
the ordinary boHiag point oif waiter; but suppose we 
were to perform the »aine experiment on the same 
amount of sICAm at a higher temperature, wc sJkwU 
find tha: we miwt compre** a good deal furtJicr t>erore 
there is any deposition of vapour in the fomi of water, 
and that the water when formed occupies a somewhat 
larger volume, f:o that, on Iwth accounts^ the range 
through which we have part of our c^'linder full x4 
steam and part full of water, exiencb through a smaller 
honiont;il ^i>ace Ih-in before. Repealing the experiment 
at higher and higher tcmpenituic^ wc come to amalkr 
and smaller mngeA of that kind^ until finallj* wc reach 
a temperature for water at which wc cannot have part 
of the cytimier full of steam and part lull of water. 

Now you can see that if a curve, the dotted one In 
the figure^bc drawn through all the pc^ntswhidt tcf- 
min^Ltc the horizontal straight parts of the various lin<« 
of e<{ua] temperature^ we indicate on the diagram the 
region within which uur given quantity of water can 
cxNt partly a^ vjtiKnir and |iartly ax liquid. 

Now wc may. b>" proper application of heat and pres- 
sure, make the 5team pass from one volume to anolhcr 
through any possible series of intermediate states, Thia 
series can, of course, be reprrsented by a line on Wat^e 
di^^rram Take two points, A and B, both external 10 
the dotted curve, but on opposite sides of it ao tliat 
in the condilxon denoted hy A the water ia obviou^y 
wholly in the form of vapour, at B wholly liquidi W« 
may pass from one of these states to the other by any 
possible p;ilh, hut for our present purpojit- only two need 
be considered, the first {AaB In the diagram) cutting Use 
dotted line in two points, thcsccond {/3^i»)pa3stog wholly 
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outside ft, By the first course we have vapour alone 
till we enter the dottc<J curve — liquid alone after wc 
pass out of it — liquid in presence of vapotir while wc 
are withm it On this no comment need be made — the 
passage from vapour to liquid is visible to the eye. Bat 
in the second course wc pass fnani obvious vapour at 
A to obvious liquid at S, without its being possible at 
any point of the Journey to say — the change is taking 
place. 

You can begin it absolutely as gas, and bring it abso- 
lutely to the liquid state, but during the whole of the 
operation it is impos^ble to point out the instant at 
which it changes its character. And you can sec per- 
fectly well that the change can only be effected sud- 
denly or in a manner marked to the eye, when you are 
performing tlic ojjerations at such a temperature that 
the corresponding line in the diagram passes through 
the region in which the substance con exist in the liquid 
stale in presence of its vapour. If you go beyond the 
limits at which this is possible, then you can cause the 
■fluid to pass from the gaseous to the liquid, or frcm the 
liquid back to the gaseous state, witli absolute optical 
eontinuity. 

Or, to make it still more cunous, auppOBC we go 
through a complete cycle of operations from the state 
B to the stare A, and back again to ^ Regi"- ^^^ ^^- 
ample, with the lower of the two paths DaA, and come 
back by the higher A&B. Wc begin with water ; then 
wc have water and saturated fftcam about ^, then super- 
heated steam, till we reach A. On our way back we 
have no such stages — though when we have readied B 
the contents arc obviously water as at first 

Now the explanation of that phenomenon has rot 
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brcn fully given by tbc help of the dynamical tiieory of 
gaAC5,but the mode of applying tlu: d>'naniical tbcocy 
to it has been, 1 think, successfully pointed out. One 
prc^njint hint is given by the £itct, noticed by Andrewi; 
thjtt the capillary surface of tlw liqdd \i\ cimt^ict w4i}i 
the vapour becomes Icaa and lent curved a*i tlie teni- 
pcrature risc9 to the cHticai p^int {i^^ the tempcratvre 
at which the presence of liquid and vapour together 
beoomei impossible) the curvature becotnlng nil vhen 
that potnt Is rcac]>ed. In all probability we M-ant only 
a little Tuitbcf application of our statistical process td 
explain even thi^, which i» perhapa the OKist curious fact 
that any iTivcsti};atioii has ever told us as to the COD- 
nectJon between liquids and ^^se^^ 

Before concluding. I would just mcntEoa that Uiere 
arc a great many stjbjccta to which I ahould have liked 
to direct your attention had time pennitted. Mjr 
aprtlogy for not having introduced them 13 partly wart 
of time, partly the wish exprt'sscd to ine thiti ceTtaia 
questioat of history and priority should be fully treated' 
I have not been able to overtake during the time that 
I coutd devote to it nearly the whole of the pro^amme 
that 1 at first put bt?fore me, 

I shall just mention what some of these things wc«. 
and you v\ ill sec that although 1 have taken up a great 
many interesting points, I have leO still a great many 
others equally interesting. There :s, for in^tanccr tlie 
very intereMing quCTtlion of the expUn-ition of vowel 
sounds and the qualities of mu^ioil notes ; the whole in 
fact of Hclmhoka'a splendid investigation 5 in Acouitk^ 

There is the whole aubjeet of contact electricity, 
which I could only illustrate by a single exptiriment in 
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my last lecture. There is the important subject, grow- 
ing in importance every day, of Atmospheric electricity. 
There is Thermo-electricity, now almost a separate 
branch of physics : — Clerk-Maxweirs production of 
double refraction in viscous liquids ; the connection 
between sun spots and terrestrial magnetism ; the ques- 
tion of tides in the solid earth (whether the earth is 
plastic enough to have tides produced in its substance 
by the moon) ; we have the various proofs of the rota- 
tion of the earth, the connection between magnetism 
and light, as shown by Faraday's experiment and W. 
Thomson's and Clerk-Maxwell's investigations, the heat- 
ing of bodies moving in what we call vacuum, the motion 
of light bodies produced by radiation, abnormality of 
dispersion, and so on ; but even to merely enumerate 
all such would be» as it were, to double the length of 
this lecture. But such a statement shows, better than 
any comments, that we are dealing with a branch of 
science whose characteristic, as I told you at the outset, 
is steady and ever more rapid extension. 
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